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Engineer. 
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research  on  metallurgical  synthesis 


by 

B.  A.  Wilcox,  0.  T.  Hahn,  and  R.  I.  Jaffee 

INTRODUCTION 

The  main  purposes  of  this  program  are  to  exploit  work  emerging  from 
in-house  research  efforts  of  the  Air  Force  Materials  Laboratory  and  to  reduce 
the  time  in  research  and  development  between  conception  and  application.  The 
overall  objective  of  this  program  on  Metallurgical  Synthesis  is  to  provide 
becter  structural  materials  for  defense  applications  in  less  time  for  a 
lower  cost. 

Each  task  is  considered  to  be  a  "next  step"  research  effort;  i.e., 
the  critical  experiment  has  already  been  accomplished.  These  tasks  are  intended 
to  develop  the  potential  usefulness  of  the  basic  concept  and  to  determine  the 
circumstances  under  which  it  might  be  expected  to  operate.  At  the  end  of 
each  cask  it  is  intended  that  recommendations  be  made  as  to  whether  or  not 
the  concept  is  fully  viable  and  should  be  further  developed  by  a  separate 
larger  scale  effort. 

A  total  of  approximately  twelve  tasks  are  being  undertaken  over 
the  two-year  period  June  15,  1971-June  15,  1973,  and  each  task  is  approxi¬ 
mately  6  to  9  months  in  duration.  It  is  contemplated  that  at  least  eight  of  the 
tasks  will  be  initiated  from  the  AFML  based  on  in-house  research  by  Ai*ML 
scientists,  and  approximately  four  tasks  will  be  initiated  from  Battelle, 
Columbus  laboratories  (BCL) .  A  task  is  initiated  when  sufficient  pre- 
llmiitarv  evidence  suggests  that  "next-step"  experiments  are  warranted.  A 


2 

steering  committee  comprised  of  cognizant  AFML  and  BCL  personnel  meets 
quarterly  to  discuss  task  Initiation,  evaluate  performance,  and  makes 
recommendations  at  the  conclusion  of  a  task. 

Table  1  lists  the  tasks  contemplated,  the  cognizant  AFML  scientist, 
the  BCL  principal  investigator (s ) ,  and  the  task  starting  date.  Tasks  A.  I, 
III,  and  VI  have  been  completed.  In  this  report  the  respective  sections 
describing  these  tasks  constitute  a  final  report  on  the  tasks.  Tasks  B  and 
II  are  In  progress.  Tasks  C,  D,  and  V  will  be  initiated  in  the  near  future, 
and  Tasks  IV,  VII,  and  VIII  will  be  initiated  at  a  later  date. 
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TAB IX  l.  TASKS  ON  THE  METALLURGICAL  SYNTHESIS  PROGRAM^ 


TasW  BCL  Principal  Cognisant  Task  Tank 

No.  Title  Investigator  AFML  Scientist  Start  Date  Completion  Date 


A 

Ml crostruc tut al  Synthesis  In 
Combined  Precipitation 
Hardened- Dl  spers  lor. 
Strengthened  (PH-DS)  Alumi¬ 
num  Alloys 

B.  A.  Wilcox 

H.L.  Cegel 

June  IS.  1971 

March  15,  1972 

B 

Synthesis  of  Dispersion 
Strengthened  Tf  tanlur. 

Alloys  by  Attrltor  Milling 

I.  C.  Wright/ 

B,  A.  Wilcox 

S.R.  Lyon 

March  15.  1972 

In  progress 

C 

M  i  ores t  rt’C  tura  l  end 

Mechanical  Property  Evalua¬ 
tion  of  Ti-YjO^  bate  Alloys 

I.  G.  Wright/ 

B.  A.  Wilcox 

S.R.  Lyon 

September,  1972 
(Anticipated) 

D 

Hlc rose ruclurs l  Factors  In¬ 
fluencing  Fracture  Toughness 
of  Ceramics 

C.  T.  Hslm/ 

A. R. Hoserf i el d 

K.  Ruh 

October,  1972 
(Anticipated) 

I 

Fvaluatlon  of  New  High 
Tcmperatxire  Tltautun  Alloys 

A.  H.  Claucr 

H.  L.  Cegel 

June  15,  1971 

March  IS,  1972 

II 

Vapor  Deposition  of  Metals 
on  Aluminum  and  Boron 

W.  R.  Stowe  11/ 

D.  Hauser 

G.  Metigor 

March  1,  1972 

In  progress 

Ill 

Evaluate  Refractory  Oxide 
Crucible  Materials  by  Induc¬ 
tion  Melting  of  Tltanlun 
and  Titanium  Alloys 

D.  E.  Nleat/ 

C.A.  Alexander/ 
N.H.Grlesenauer 

S.  R.  Lyon 

October  1,  1971 

May  13,  1972 

IV 

Control  of  Deformed  Beta 

Grain  Structure  in  Titan¬ 
ium  Alloys  by  Alloying 
Additions 

R.  A.  Wood/ 

D.  N.  Will  lama 

A.  M.  Adair 

v<b> 

Multiple  Component  Alloying 
to  Achieve  Superior  Solid 
Solution  Strengthening 

E.  W.  Coll Inga 

H.  L.  Cegel 

August  1,  1972 
(Anticipated) 

VI 

Low  Temperature  Mechanical 
Treatments  Co  Enhance 
Fonneblllty  cf  Alpha 

Titanium  Al loys 

J.  D.  Boyd 

S.  Fujlshlro 

January  1,  1972 

June  15,  1972 

VII 

Fracture  Toughness-Strength 
Relationships  In  High  Purity 

C.  W.  Marachall/ 
A.  R.  Roienfleld 

T.M.F.  Ronald 

Managing  Alloys  Heat  Treated 
to  220-240  kal  Tensile 
Strength 

VIII  (To  be  determined) 


(a)  leaks  A-D  are  BCL  Inlrtated  and  Tasks  I-V'III  are  AFMT.  initiated. 


(b) 


This  Task  replace*  the  original  Task  V, 
was  to  have  cognisance  of  this  Task  waj 


"New  High  Temperature 
F.  Ostermanu,  who  has 


Colwmbium  Alloys".  The  AFMt  scientist  who 
since  left  the  Air  Force. 


4 

TASK  A 

MICROSTRUCTURAL  SYNTHESIS  IK  COMBINED 
PRECIPITATION  HARDENED-DISPERSION 
STRENGTHENED  (PH-DS)  ALUMINUM  ALLOYS 

by 

B .  A.  Wll cox 

INTRODUCT ION 

Work  on  Ni-base  snperalloys  by  Benjamin^  has  shown  that  it  is 
possible  to  combine  precipitation  hardening  by  y1  and  dispersion  strengthening 
by  and  ThO^.  This  research  resulted  in  the  development  of  IN  853  which 

has  the  following  nominal  composition:  Ni-20  w/o  Cr-1.5  w/o  Al-2.5  w/o  Ti- 
2.5  v/o  The  y'  precipitates  result  in  low  temperature  strengthening 

(to~  SOO^C)  and  the  dispersoids  promote  a  stable  elongated  grain  structure 

( n 

(high  grain  aspect  ratio  )  which  results  in  high  temperature  (~-  800  - 
U00°C)  strength  equivalent  to  TD  Nickel. 

One  objective  of  this  task  was  to  apply  this  concept  to  synthesize 
7075  and  2024  precipitation  hardening  aluminum  alloys  with  a  high  volume 

fraction  of  dispersold  (>  10  vol.7.  A'^O^).  A  powder  metallurgy  approach  was 

i  3) 

employed,  where  ribbon  of  melt  spun'  7075  and  2024  alloys  were  ball  milled 
to  fine  flake,  compacted  and  extruded.  Hereafter,  these  alloys  are  designated 
as  PH-DS  7075  and  PH-DS  2024. 

(3) 

It  was  reported  previously  that  7075  aluminum  compacted  directly 
from  melt  spun  ribbon  (without  ball  milling)  had  a  very  fine  equiaxed  grain 
size  of  1  to  10  pm  which  resulted  in  high  temperature  superplastic 
tendencies.  This  alloy  had  a  low  dispersold  content,  about  1  vol.7.  Al^O^. 

A  secondary  objective  of  this  task  was  to  further  examine  the  superplastic 
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behavior  ii  ’075  and  2024  alloys  produced  in  tills  fashion.  Hereafter  these 
allovs  are  designated  MS  7075  and  MS  2024 . 

EXPERIMENTAL 

(3) 

The  melt  spun  ribbon  was  produced  by  a  method  described  previously 
and  Figure  A-’  illustrates  the  morphology  of  such  ribbon.  In  Figure  A-l(b) 
it  is  seen  that  the  ribbon  surface  was  non-uniform  with  a  high  degree  of 
porosltv  and  numerous  surface  asperities. 

The  PH-DS  alloys  were  fabricated  in  the  following  way.  The  melt  spun 
ribbon  of  7075  and  2024  was  ball  milled  to  fine  flake  (~  0.25  pm  thick)  by 
Alcan  Metal  Products  of  Elizabeth,  New  Jersey.  The  processing  to  extruded 
rod  was  as  follows: 

(1)  The  powder  was  outgassed  under  argon  for  3  hours  at  450 °C, 
followed  by  vacuum  outgasslng  for  3  hours  at  450°C. 

(2)  Cylindrical  pellets  were  hot  pressed  at  450°C  and  7000  psi  for 
2  hours.  This  yielded  pellets  which  were  75-807.  of  theoretical 
density . 

(3)  The  pellets  were  canned  in  3^inch  diameter  6061  aluminum 
billets  and  extruded  36:1  at  350°C. 

The  MS  alloys  were  consolidated  by  essentially  the  same  route,  with  the 
exception  of  an  initial  cold  pressing  of  the  ribbon  to  pellets  of  about  507. 
of  theoretical  density.  For  comparison  purposes,  billets  of  commercial  7075 
and  2024  were  extruded  under  the  same  conditions. 

It  was  originally  Intended  to  similarly  ball  mill  melt  spun  ribbon  of  a 
highly  alloyed  7000-series  alloy  (Al-10Zn-3Mg-2Cu-l.5Mn-0.2Cr),  but  the 
charge  was  inadvertently  destroyed  during  milling. 


RESULTS  AND  DISCUSSION 


Combined  Preclpl tat  Lon  Hardening  and  Dispersion  Strengthening 

The  optical  microstructures  of  as-extruded  2024  and  the  same  alloy 
heat  created  to  the  T6  condition  are  shown  in  Figure  A-2.  The  elongated 
heavily  worked  extruded  structure  Is  typical  of  SAP  type  alloys.  The  500°C 
anneal  used  in  solution  treating  to  the  T6  condition  did  not  recrystallize 
this  alloy,  as  seen  in  Figure  A-2(b).  The  transmission  electron  micrograph 
in  Figure  A-3  shows  the  high  density  of  second  phase  particles  (presumably 
mostly  A^Oj) ,  which  resemble  those  in  some  SAP-type  alloys.  ^  If  it  is 
assumed  that  an  Al^O^  fUro*  about  0.015  um  chick^\  formed  on  each  surface 
of  the  0.25  urn  Chick  flake  there  would  be  12  volume  percent  alumina  present 
The  extrusion  process  fragments  this  A^O^  skin  producing  the  dispersed 
particles.  The  microstructures  of  PH-DS  7075  were  essentially  the  same  as 
those  for  PH-DS  2024. 

The  PH-DS  alloys  were  chemically  analyzed  for  major  alloying 
constituents  and  the  results  are  compared  in  Table  A-l  with  typical  values 

TABLE  A-l.  CHEMICAL  ANALYSES  (WEIGHT  PERCENT)  OF  PH-DS 
ALLOYS  COMPARED  WITH  TYPICAL  VALUES  FOR 
CORRESPONDING  COMMERCIAL  ALLOYS 


Element 


Alloy 

Mg 

Cu 

Zn 

Cr 

PH-DS  7075 

2.2 

1.5 

5.5 

0.1 

Commercial  7075 

2.5 

1.5 

5.5 

0.2 

PH-DS  2024 

1.3 

4.0 

- 

- 

Commercial  2024 

1.5 

4.5 

- 

- 
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for  commercial  alloys.  The  comparative  analyses  are  in  reasonable  accord, 
suggesting  that  no  substantial  depletion  of  the  major  alloying  constituents 
occurred  during  synthesis  of  the  PH-DS  alloys. 

Tension  tests  on  the  as-extruded  PH-DS  alloys  were  conducted  from 
25°C  to  450°C  at  a  strain  rate  of  0.01  min”*  and  the  results  are  given  in 
Table  A-2.  As  is  typical  with  SAP  type  alloys,  the  ductilities  were  low 

TABLE  A-2.  TENSILE  PROPERTIES  OF  PH-DS  7075  AND  PH-DS  2024 
AS  A  FUNCTION  OF  TEMPERATURE 


Condition 

Test 

Temperature » 

°C 

0.2  % 

Y.S.  , 
psi 

UTS, 

psi 

Total 

Elongation , 
7. 

PH-DS 

7075 

As-extruded 

25 

54,300 

59,100 

0.9 

As-extruded 

100 

48,300 

50,700 

0.9 

As-extruded 

200 

32,900 

34,400 

4.5 

As-extruded 

300 

25,800 

26,500 

1.3 

As-extruded 

400 

18,500 

18,600 

0.5 

As-extruded 

450 

16,000 

16,100 

0.4 

T6  Condition^ 

25 

53,800 

57,200 

0.9 

PH-DS 

2024 

As-extruded 

25 

55,600 

61,100 

1.1 

As-extruded 

100 

48,900 

55,000 

1.5 

As-extruded 

200 

37,200 

39,400 

2.6 

As-extruded 

300 

28,700 

29,300 

1.0 

As-extruded 

400 

20,100 

20,200 

0.4 

As-extruded 

450 

13,000 

13,300 

0.3 

T6  Condition^* 

25 

50,200 

56,400 

1.3 

(a)  T6  Condition  for  7075  was:  SHT  1  hr  500cC,  W.Q. ,  age  24  hrs  120°C. 


(b)  T6  Condition  for  2024  was:  SHT  l  hr  500°C,  W.Q.,  age  13  hrs  190°C. 

(~  0,5  -  4.57.  elongation).  Also  shown  in  Table  A-2  are  room  temperature 
tensile  properties  of  PH-DS  7075  and  PH-DS  2024  heat  treated  to  the  T6 
condition.  The  yield  strengths  of  both  alloys  are  slightly  lower  then 
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corresponding  values  in  the  as-extruded  condition  indicating  that  the 
anticipated  additional  hardening  by  precipitation  was  not  realized.  It  is 
unlikely  that  this  lack  of  heat  treatment  response  is  associated  with  matrix 
composition  changes  (see  Table  A-l).  To  examine  the  possibility  that  re¬ 
solution  of  precipitates  during  heat  treating  was  retavded  by  the  PH-DS 
microstructure,  specimens  were  solution  annealed  5  hours  at  500 6C  (customary 
annealing  is  1  hour),  water  quenched  and  aged.  The  resulting  room  temperature 
yield  strengthes  were  46,700  psi  and  48,200  psi  for  PH-DS  7075  and  PH-DS  2024, 
respectively.  These  values  are  lower  than  those  obtained  for  the  conventional 
T6  treatment  and  suggest  that  the  additional  solution  annealing  time  at  5C0°C 
served  merely  to  remove  more  of  the  dislocation  substructure.  The  lack  of 
precipitation  hardening  is  not  understood.  It  may  be  that  the  kinetics  of 
precipitation  are  drastically  altered  by  PH-DS  microstructures,  that  precipi¬ 
tates  nucleate  preferentially  on  the  AljO^  particles,  or  that  the  normal 
precipitates  do  not  form. 

The  yield  strength  of  as-extruded  PH-DS  7075  as  a  function  of  tempera¬ 
ture  is  compared  in  Figure  A-4  with  values  from  the  literature  for  7075-T6 
and  a  SAP  alloy  containing  14  volume  percent  AljO-j.  A  similar  comparison  for 
2024  alloy  is  made  in  Figure  A-5.  At  room  temperature  the  PH-DS  alloys  are 
about  17,000  psi  stronger  than  SAP  865,  and  the  PH-DS  2024  strength  is  equiva¬ 
lent  to  commercial  2024- T6  (Y.S.  «■  55,000  psi).  Thus  in  this  case,  although 
not  heat-treatable,  the  PH-DS  2024  microstructure  results  in  a  yield  strength 
equivalent  to  2024  containing  the  relatively  coarse  S'  precipitates  arising 
from  the  T6  heat  treatment.  The  PH-DS  alloy  strengths  are  lower  than  those 
of  commercial  alloys  heat  treated  to  optimum  strength  (7075-T6  and  2024-T81) 
up  to  about  250°C,  where  the  precipitates  in  commercial  alluya  severely  overage. 
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Yield  strength  of  as-extruded  PH-DS  7075  as  a 
function  of  temperature,  compared  with  data  from 
the  literature  on  commercial  7075-T6  and  a  SAP 
alloy. 


FIGURE  A- 4. 
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FIGURE  A-5.  Yield  strength  of  as-extruded  PH-DS  2024  as  a 

function  of  temperature,  compared  with  data  from 
the  literature  on  commercial  2024-T81  and  a  SAP 


13 


An  interesting  observation  is  that  the  yield  strength  of  the  PH-DS  alloys 
is  greater  than  SAP-865  from  25-400 °C.  Thus  an  increment  in  strength  is 
icalized,  possibly  due  to  some  solid  solution  strengthening  combined  with  a 
small  strengthening  increment  from  the  usual  insoluble  dispersolds  (Cr-rich 
in  7075,  and  Mn-rich  in  2024). 

Preliminary  studies  indicated  that  substantial  creep  strengthening 

was  derived  from  the  PH-DS  microstructures,  in  accord  with  previous  results 

/ s  o\ 

for  SAP-type  alloys.  ’  This  is  illustrated  in  Figure  A-6  which  compares 
the  creep  curves  for  commercial  7075-T6  and  as-extruded  PH-DS  7075  at  450°C 
and  1500  psl.  The  curves  are  plotted  semi-logarithmically  to  facilitate 
comparison.  The  PH-DS  7075  test  was  stopped  after  650  hours  and  a  total 
creep  strain  of  0.45  percent.  The  coranercial  alloy  reached  this  creep  strain 
in  1.7  hours  and  ruptured  after  6.6  hours.  The  nonuniform  creep  deformation 
("bumpy"  creep  curve)  of  the  PH-DS  7075  specimen  is  typical  of  SAP-type  alloys v  , 
although  the  origin  of  this  inhomogeneous  creep  is  not  known. 

Superplastic  Tendencies  in  MS  Alloys 

Superplastic  deformation  of  alloys  has  received  considerable  attention 

in  recent  years,  as  is  reflected  by  a  number  of  review  articles  on  this  sub- 
(9-12)  (3) 

Ject.  Previous  work  which  has  shown  that  MS  7075  can  be  deformed 

~  200%  at  400°C  provided  the  initiative  to  undertake  the  present  study. 

The  microstructures  of  MS  7075,  MS  2024  and  their  coranercial 
counterparts  are  shown  in  Figures  A-7  and  A-8  after  having  been  annealed  for 
1  hour  at  500°C  and  furnace  cooled.  This  is  the  solution  annealing  temperature 
for  the  T6  heat  treatment.  Since  all  deformation  studies  were  at  elevated 
temperatures,  the  quench  plus  ageing  treatments  were  omitted  because  precipi¬ 
tates  would  rapidly  overage  and  essentially  not  affect  the  flow  properties. 
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It  is  seen  that  the  consnercial  alloys  have  coarse  elongated  recrystallized 
grains,  whereas  the  MS  alloys  have  a  fine  equlaxed  grain  structure  with  grains 
1  to  10  urn  in  diameter. 

The  MS  alloys  were  deformed  in  tension  in  an  Instron  over  the 

temperature  range  350-490°C  at  various  cross-head  speeds  ranging  from  0.002  to  20 
★ 

in. /min.  For  selected  comparisons,  the  commercial  alloys  were  deformed  at 
0.02  in. /min  over  the  temperature  range  350-490°C.  The  results  of  the 
deformation  studies  are  given  in  Table  A-3,  and  Figures  A-9  through  A-12 
compare  the  behavior  of  commercial  and  MS  alloys  and  illustrate  the  influence 
of  strain  rate  on  ductility  and  flow  stress  of  the  MS  alloys. 

Figure  A-9  plots  the  total  elongation  of  all  four  alloys  as  a 
function  of  temperature  for  a  cross-head  speed  of  0.02  in. /min.  It  is  seen 
in  all  cases  that  the  MS  alloys  are  more  ductile  than  the  corresponding 
commercial  alloys.  There  is  very  little  temperature  dependence  of  the  total 
elongation,  with  the  exception  of  MS  2024  which  has  a  sharp  maximum  in  ductility 
(1607.  elongation)  at  450°C.  The  ductility  of  the  MS  7075  alloy  would  un¬ 
doubtedly  decrease  at  lower  temperatures. 

As  anticipated  from  previous  studies  on  superplasticity,  the  flow 
stresses  of  the  fine-grained  MS  alloys  were  substantially  lower  (2000-4000 
psi)  than  the  corresponding  commercial  alloys.  This  is  Illustrated  in 
Figure  A- 10. 

The  influence  of  crosshead  speed  on  ductility  of  the  MS  alloys  at 
450®C  is  shown  in  Figure  A-il.  Here  it  is  evident  that  there  is  a  sharp 
maximum  for  both  alloys,  at  0.2  in./min  for  MS  7075  and  at  0.02  to  0,2  in. /min 
for  MS  2024.  The  strain  rate  sensitivity,  m,  was  determined  at  450°C,  where 

m  is  defined  by 
* 


The  gauge  lengths  of  all  specimens  were  1  inch. 
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TABLE  A-3.  TENSILE  DEFORMATION  OF  MS  7075  AND  MS  20.14  AS  A  FUNCTION 
OF  STRAIN  RATE  AND  TEMPERATURE 


Materia  1 

Temp . , 
eC 

Crosshead 
speed t 
in .  /min 

Initial  Flow 

S  t  re  s  s ,  pe  i 

UTS,  psi 

A  Total 
Elongation 

M.S.  7075 

450 

0.002 

1080 

1230 

50 

M.S.  7075 

4  50 

0.02 

1530 

1760 

110 

M.S.  7075 

450 

0.2 

2660 

2900 

185 

M.S,  7075 

450 

2.0 

5380 

5380 

130 

M.S.  7075 

450 

20.0 

• 

3400 

25 

M.S.  7075 

475 

0.02 

1130 

1270 

125 

M.S.  7075 

400 

0.02 

2730 

3090 

125 

M.S.  7075 

3  50 

0,02 

4750 

5570 

125 

Commercial  7075 

350 

0.02 

6700 

7350 

38 

Commercial  7075 

400 

0.02 

3600 

4070 

39 

Commercial  7075 

4  50 

0.02 

3400 

2o50 

45 

Commercial  7075 

475 

0.02 

3070 

3300 

46 

M.S.  2024 

450 

0.002 

1700 

2060 

35 

M.S.  2024 

450 

0.02 

2020 

2310 

160 

M.S.  2024 

450 

0.2 

3630 

3910 

160 

M.S.  2024 

450 

2.0 

6180 

6270 

130 

M.S.  2024 

4  50 

20,0 

- 

4450 

30 

M.S.  2024 

490 

0.02 

1070 

1170 

85 

M.S.  2024 

400 

0.02 

4660 

4870 

85 

M.S.  2024 

350 

0.02 

7760 

8300 

25 

Commercial  2024 

350 

0.02 

12,400 

13,900 

20 

Commercial  2024 

400 

0.02 

6360 

7000 

25 

Cotnnercial  2024 

450 

0.02 

3780 

4150 

30 

Commercial  2024 

490 

0.02 

2750 

3060 

30 

d  log  a 
m  =  i — 

d  log  < 


(1) 


where  CT  *  initial  flow  stress  and  €  =  strain  rate, 
relation  for  MS  2024,  whereas  for  MS  7075  there  is 
log  0  versus  log  f  plot  at  high  strain  rates.  The 


Figure  A-12  shows  a  linear 
a  slight  increase  in  the 
m  values  calculated  were 


Total  Elongation, 


FIGURE  A 


*  7 


of  MS  7075  is  °?  ,t0tal 

dal  2024  tested  C0Traner"ial  and  commer- 

tested  at  a  crosshead  speed  of  0.02  in./.nin 


Totol  Elongation,  % 


FIOL'RH  A—  II.  Effect  of  crosshead  speed  on  total  elongation  of 
MS  7075  and  MS  2024  tested  at  450°C. 
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0.23  for  MS  2024  and  0.31  (maximum)  for  MS  7075.  Those  values  are  compared 
In  Table  A-4  with  previous  work  on  materials  which  exhibit  very  large 
degrees  of  superplasticity.  The  m  values  here  are  typically  0.5  to  0.6. 

TABLE  A-4.  COMPARISON  OF  STRAIN  RATE  SENSITIVITY  OF  MS  2024 

AND  MS  7075  WITH  PREVIOUS  WORK  ON  SUPERPLASTIC  ALLOYS 


Al  lov 

Deformation 

Temperature, 

°C 

Maximum 

m 

C  at  max.  m, 
sec~l 

Reference 

Eutectold  71  Zn-29  Al 

250 

0.50 

10"4  to  10"5 

13 

Hydrided  Mg-6  Zn-0.5  Zr 

450 

0.58 

1.3  x 

i 

o 
«■— < 

14 

Eutectic  67A1-33  Cu 

520 

0.68 

7.0  x 

f— 

o 

1 

u 

15 

Eutectic  30  Pb-70  Sn 

26 

0.51 

1.7  x 

10'3 

16 

MS  2024 

450 

0.23 

3. 3  x 

io'5  - 

This 

3.3  x 

10'2 

Work 

MS  7075 

450 

0.31 

3.  3  x 

io”3  - 

This 

3.3  x 

10-2 

Work 

Compositions  in  weight  percent. 

In  the  previous  work  the  slopes  of  log  a  versus  log  C  plots  usually  decreased 
at  high  strain  rates,  giving  maximum  values  of  m.  This  did  not  happen  in  the 
present  work  (Figure  A-12),  although  possibly  the  slope  would  decrease  at 
strain  rates  greater  than  those  examined. 

The  low  strain  rate  sensitivities  in  the  present  work  and  the 
relatively  low  total  elongations  (maximum  elongation  of  185%  compared  with 
superplastic  eutectic  alloys  which  have  elongations  of  ~  10007.)  suggest  that 
the  MS  alloys  exhibit  only  marginal  superplasticity.  The  fact  that  the 
elevated  temperature  flow  stresses  are  measurably  lower  than  those  of  the 
commercial  alloys  (Figure  A-10)  could,  however,  be  useful  in  certain  metal¬ 
forming  operations,  e.g.,  press  forging. 
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It  Is  generally  accepted  chat  grain  boundary  sliding  Is  a  major 
mode  of  deformation  in  superplastic  flow,  although  there  must  be  accommodation 
by  dlffuslonal  processes  or  dislocation  motion  to  preserve  compatibility  at 
grain  boundaries.  Examination  of  fractured  specimens  of  the  KS  alloys 
suggests  that  here,  too,  substantial  grain  boundary  sliding  occurred.  Figure 
A- 13(a)  shows  that  numerous  voids  have  formed  near  the  fracture,  and  examina¬ 
tion  at  higher  magnifications  showed  that  many  of  these  were  on  grain 
boundaries.  The  scanning  electron  fractograph  in  Figure  A-13  (b)  shows  indivi¬ 
dual  grains  and  groups  of  grains  on  the  fracture  surface.  Examination  of 
fractured  specimens  by  transmission  microscopy  revealed  that  some  of  the 
accommodation  deformation  must  have  occurred  by  dislocation  motion.  Figure 
A- 1 4 ( b )  shows  a  relatively  high  dislocation  density  within  grains  after 
deformation  at  450°C,  compared  with  the  nearly  dislocation-free  structure 
prior  to  deformation  (Figure  A- 14(a)). 


CONCLUSIONS 

Various  microstructures  have  been  synthesised  in  7075  and  2024 
aluminum  alloys  produced  by  direct  extrusion  of  melt  spun  ribbon  (MS  alloys) 
or  extrusion  of  compacted  powder  made  by  ball  milling  melt  spun  ribbon  (PH-DS 
alloys).  The  PH-DS  alloys  had  a  high  AljOj  content  (~  12  volume  percent)  and 
did  not  recrystallise  on  annealing  at  50Q°C.  The  MS  alloys  had  about  1  volume 
percent  dlspersoid  and  recrystallized  to  fine  equiaxed  grains,  1  to 

10  urn  in  diameter,  during  annealing  at  500°C. 

The  as-extruded  PH-DS  2024  and  PH-DS  7075  had  yield  strengths 
superior  to  the  strongest  SAP  alloy  over  the  temperature  range  25  to  400°C. 

At  temperatures  greater  than  250^0  the  PH-DS  alloys  had  higher  strength  than 


(a)  Optical  micrograph  near  fracture.  300X 


(b>  Scanning  electron  f  ractograpli ,  secondary 
electron  mode.  1000X. 
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their  commercial  counterparts  heat  treated  to  optimum  strength  (7075-T6  and 
2024-T81).  The  room  temperature  yield  strength  of  as-extruded  PH-DS 
2024  (55,000  psi)  was  equivalent  to  commercial  2024  in  the  T6  condition.  The 
ductility  of  PH-DS  alloys  was  low  (~  0.5  to  4%  elongation),  which  is  typical 
of  most  SAP-type  alloys.  An  attempt  was  made  to  heat  treat  the  extruded 
PH-DS  7075  and  PH-DS  2024  to  the  T6  condition.  This  was  unsuccessful,  and 
the  lack  of  heat  treatment  response  is  not  understood.  The  high  temperature 
creep  strength  of  the  PH-DS  alloys  was  far  superior  to  commercial  alloys. 

The  fine  equiaxed  grains  in  extruded  and  annealed  MS  alloys  resulted 
in  superplastic  tendencies.  Elongations  as  high  as  185%  were  observed,  and 
the  total  elongation  at  450°C  was  a  function  of  strain  rate, the  maximum 
ductilities  occurring  at  crosshead  speeds  of  0.2  In. /min  (MS  7075)  and 
0.02  to  0.2  in. /min.  (MS  2024).  The  flow  stress  of  MS  alloys  was  2000  to 
4000  psi  lower  than  commercial  2024  and  7075  over  the  temperature  range 
350-475',C.  The  strain  rate  sensitivity  parameter,  m,  was  0.23  for  MS-2024 
and  0.31  for  MS-7075.  These  values  are  considerably  lower  than  truly  super- 
plastics  alloys;  i.e.  ,  those  with  total  elongations  of  ~  10007=,  where  m  =»  0.5 
0.6.  It  is  concluded  that  the  MS  2024  and  MS  7075  alloys  exhibit  only 
marginal  superplasticity. 


RECOMMENDATIONS 

The  PH-DS  2024  and  PH-DS  7075  alloys  are  the  strongest  SAP-type 
alloys  ever  produced  even  though  they  do  not  respond  to  heat- treatment . 
Future  developmental  research  to  exploit  the  excellent  high  temperature 
strength  properties  would  be  warranted  if  definite  applications  could  be 


to 
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found.  (t  is  recommended  thnt  no  further  exploratory  research  be  conducted 

at  this  time. 

Research  on  MS  alloys  has  provided  guidelines  for  synthesizing 
aluminum  alloys  with  superplastic  tendencies.  The  fine  equiaxed  grains  in 
MS  2024  and  MS  7075  result  in  marginal  high  temperature  superplasticity. 

The  relatively  low  flow  stresses  could  be  beneficial  in  some  metalworking 
operations,  such  as  press  forging.  When  applications  develop  which  need 
superplastic  forming  capabilities  for  aluminum  alloys,  further  developmental 
research  on  MS  alloys  should  he  undertaken.  However,  it  is  recommended  that, 
at  present,  no  further  exploratory  research  be  undertaken. 
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TASK  B 

SYNTHESIS  OF  DISPERSION  STRENGTHENED 
TITANIUM  ALLOYS  BY  ATT R I TOR  MILLING 

by 

I.  C.Wrighc  and  B.  A.  Wilcox 

INTRODUCTION 

The  aim  of  this  task  Is  to  impart  improved  high-temperature  tensile 
and  creep  strength  (and  low- temperature  ductility)  to  ft-titanium  alloys  by 
means  of  a  dispersion  of  inert  second  phase  particles.  The  approach  being 
used  is  to  Introduce  particles  into  experimental  and  conventional  alloys 
using  an  attritor  milling  technique^,  and  then  to  compare  the  structures  and 
mechanical  properties  of  as-extruded  alloys  with  equivalent  dispersion-free 
alloys  which  have  been  fabricated  by  the  same  route.  Major  emphasis  is  being 
placed  on  minimizing  oxygen  and  nitrogen  contamination  during  attritor 
milling. 


RESEARCH  PROGRESS 
Materials 

Preliminary  studies  were  undertaken  using  Ti-6Al-4V  powder  obtained 
from  the  AFML.  Powders  of  commercial  purity  titanium,  Ti-3.5w/oAl,  and 
Ti-7.5w/oAl,  prepared  by  the  hydride-dehydride  process,  have  been  obtained  from 
Tl tanium  Metals  Corp.  of  America,  Henderson,  Nevada.  The  unalloyed  Ti 
represents  the  base  for  comparison,  the  3.5w/oAl  alloy  is  an  alpha  solid  solu¬ 
tion  alloy  well  below  the  ft  +  ft^  field,  and  the  7.5vr/oAl  alloy  is  within  the 
a  field  but  can  be  quenched  to  produce  all  ft.  Thus,  the  alloy  selection 

permits  a  comparison  of  dispersed  particles  on  ft  and  on  ft  ■  ft^ .  It  is  expected 
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that  the  dispersed  particles  may  promote  ductLlizlng  in  the  alloy,  as 

(21 

in  the  Cr-ThO^  system. 

YCtria  was  chosen  as  the  dlspersoid  because  it  Is  thermodynamically  very 

stable  in  titanium  and  is  commercially  available  as  fine  particles.  Yttria 

particles  were  obtained  from  Research  Chemicals  of  Phoenix,  Arizona.  These 

o 

are  mostly  in  the  size  range  300  to  1500  A  diameter,  with  a  few  larger 
particles  of  about  1  urn  diameter. 

Experimental  Progress 

Attritor  milling  produces  very  fine  powders  with  consequently  ver.y 
large  areas  of  fresh  surface.  Because  of  the  pyrophoric  nature  of  titanium 
powder  and  the  desire  to  minimize  oxygen  and  nitrogen  contamination,  all  of  the 
powder  handling  is  being  done  in  an  inert  atmosphere.  A  Szegvari  1-6B  attritor 
has  been  modified  to  operate  under  vacuum  or  under  slowly  flowing  purified 
helium,  the  loading  and  unloading  operations  being  accomplished  in  a  helium 
atmosphere  by  first  evacuating  the  relevant  vessels  and  connector  tubing  and 
than  backfilling  with  helium.  After  attriting, the  alloy  powder  is  transferred 
in  a  helium-filled  sealed  glass  bottle  to  an  argon-filled  glove  box,  where  it  is 
screened,  weighed,  sampled,  and  then  tamped  into  mild  steel  extrusion  cans.  The 
extrusion  cans  are  electron  beam  welded  shut  and  vacuum  outgassed  at  300°C  through 
a  nose  tube,  and  then  extruded  at  a  slow  speed,  at  a  temperature  of  915°C. 

The  first  step  in  the  preparation  of  these  alloys  was  to  precoat  the 
internal  surfaces  of  the  attritor  and  the  charge  of  0.25  inch  diameter  carbon- 
steel  balls  with  the  Tl-alloy  to  be  attrlted.  A  charge  of  966  grams  of 
Ti-6  w/o  Al-4  w/o  V  alloy  powder  and  34  grams  of  Y2O3  powder  was  weighed 
in  air  (this  titanium  alloy  powder  was  relatively  old  stock  and  not  considered 
a  fire  risk),  placed  in  the  loading  arm  of  the  attritor,  and  the  whole 
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apparatus  evacuated  to  LO  “  torr  for  4  hours  and  then  purged  with  flowing 
helium  for  18  hours.  The  attriting  was  started  by  pouring  the  powder  onto 
the  moving  ball  charge,  and  was  continued  tor  50  hours  at  210  rpm  after  which 
2H0  grams  of  alloy  powder  were  recovered.  The  coated  attritor  was  thereafter 
kept  under  a  helium  atmosphere. 

The  next  step  was  to  determine  the  extent  of  oxygen  pickup  with 
attriting  time.  A  further  charge  of  1000  grams  of  Tl-6  w/o  Al-4  w/o  V-3  v/o  Y2O3 
powder  was  attrlted  at  180  rpm  and  samples  removed  for  chemical  analysis 
after  25,  50,  75,  and  100  hours,  Some  resulting  analyses  performed  by  National 
Spectrographlc  Labs.,  Inc.,  Cleveland,  are  given  below. 

TABLE  B-l .  PRELIMINARY  CHEMICAL  ANALYSES  ON  Ti-6Al-4V  POWDER 
AND  THE  SAME  ALLOY  CONTAINING  Y203  AFTER  ATTRITING. 


ALL 

VALUES  IN 

WEIGHT  PERCENT. 

Ti-6  w/o 

Al-4  w/o  V 

Tl-6  w/o 

Al-4  w/o  V-3 

v/o  Y203 

Vendor's 

Analysis 

Battelle 

Analysis 

After  50  hr 
Precoating 
(run  Tl) 

After  25  hr 
at  180  rpm 
(run  T2) 

After  50  hr 
at  180  rpm 
(run  T2) 

I  ron 

0.1199 

0.10 

0.20 

0.14 

0.15 

Carbon 

0.0230 

0.026 

0.28 

0.25 

0.33 

Oxygen 

0.1860 

0.15 

0.23 

0.15 

0.15 

Nitrogen 

0.0148 

Hydrogen 

0.0056 

Because  of  a  discrepancy  in  the  sample  size  submitted  to  National 
Spectrographic ,  the  accuracy  of  the  analyses  Is  *  107,  of  the  quoted  values  for 
oxygen.  Since  the  method  used  to  determine  the  oxygen  content  involves  melting 
the  sample,  together  with  its  platinum  and  iron  containers,  at  approximately 
2500  C,  it  is  expected  that  the  oxygen  content  of  the  Y^O^  would  also  be 
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measured  so  chat  the  expected  minimum  oxvgen  content  would  be  0.15  w/o  * 

0.751  w/o  (from  3  v/o  V;0^).  Clearly  the  reported  results  do  not  include  a 
contribution  from  the  ,  so  that  it  seems  possible  that  the  yttrla  particles, 

which  molt  at  ?410°C,  floated  out  of  the  molten  sample  (melting  point  of 
platinum  is  1769°C)  without  melting.  These  preliminary  results  seem  to 
indicate  that  little  change  in  oxygen  concent  occurs  during  the  attriting  process, 
although  there  is  some  pickup  of  carbon  and  iron. 

A  duplicate  analysis  of  the  same  material  was  made  at  the  AFM1. 
with  the  results  shown  in  Table  B-2.  From  the  analyzed  yttrium  contents  in 
Table  B-2,  the  oxygen  levels  expected  from  the  in  the  run  T2  samples  are  0.708, 

0.601,  0.717,  0.708,  and  0.718  w/o,  respectively.  Again,  it  can  be  seen  that 
the  oxygen  analyses  are  inadequate. 

Two  further  batches  of  Ti-6Al-4V-3v/o  powder  (runs  T4  and  T5)  were 

attrited  for  48  hours  at  180  rpm,  and  canned  in  mild  steel  extrusion  containers 
as  described  above.  Then  an  yttria-free  T1-6A1-4V  allov  (run  T7)  was  prepared  by 
the  same  procedure,  the  attritor  chamber  and  impeller  first  being  cleaned  by 
pickling  for  4  hours  in  50/50  HN0^/HC1,  and  a  new  set  of  balls  being  precoated 
with  the  Y^O^-free  alloy  for  48  hours  at  180  rpm  (run  T6) . 

Because  of  the  progressive  increase  in  carbon  concent  with  attriting 
time  during  run  T2,  which  was  apparently  not  related  to  the  iron  contamina¬ 
tion  from  the  attritor  materials,  a  sulfuric  acid  trap  was  included  in  the 
helium  supply  line  for  runs  T5,  T6,  and  T7,  and  an  acetone/solid  cold 
trap  was  placed  in  the  vacuum  line  for  runs  T6  and  T7  to  prevent  hydrocarbon 
contamination  from  the  vacuum  system. 

The  alloy  powders  from  runs  T4,  T5,  and  T7  were  sampled,  canned  as  described 
above ,  and  extruded  at  the  AFML  at  915'C  at  1,5  inches  per  second  and 
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a  reduction  ratio  of  approximately  13:1.  lull  details  of  the  extrusions 
are  given  in  AFM1.  Extrusion  Date  Sheets  47<'0  and  4701.  The  analytical 
results  for  the  powders  produced  during  runs  T4  and  T5  from  National  Spectre- 
graphic  are  shown  in  Table  B-3.  Doubt  still  exists  about  the  suitability  of 
this  method  for  analyzing  oxygen  in  Y^O^-containing  alloys;  some  reduction  in 
carbon  pick-up  with  the  sulfuric  acid-trapped  helium  is  apparent. 

TABLE  B-3.  ANALYSIS  OF  POWDERS  PRODUCED  BY  ATTRITOR  RUNS  T4  AND  T5, 
WF.ICOT  PERCENT 


Ti-6  w/o  Al-4  w/o  V-3  v/o  Y^O^ 
After  48  hours  at  180  rpm 

Element  (run  t4)  (run  T5) 

Fe  0.12  0.11 

C  0.20  0.12 

0  '  0.77  >  0.74 


An  analysis  at  Battelle  was  also  made  of  the  Y^O^-free  extruded 
alloy  T7,  after  the  mild  steel  can  had  been  removed  by  pickling  in  50/50 
HN0^/H,0  and  the  results  are  shown  in  Table  B-4.  Compared  to  the  Vendor’s 
analysis  for  this  materiil,  the  following  increases  have  occurred:  iron  has 
increased  by  0.07  w/o,  carbon  by  0.027  w/o,  nitrogen  by  0.105  w/o,  hydrogen 
by  0.011  w/o  (possibly  from  pickling),  and  oxygen  by  0.112  w/o. 

TABLE  B-4.  ANALYSIS  OF  EXTRUDED  TI-6A1-4V  (attritor  run  No.  T7) 


K lemon  t 

Composition,  w/o 

Procedur 

Fu 

0.  19 

wet  chemical  analysis 

r 

0.030 

wet  chemical  analysis 

N 

0.  12 

micro-N jel dahl  analysis 

11 

0.0165 

vacuum  fusion  analysis 

O 

0. 2979 

vacuum  fusion  analysis 
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Metal lographic  examination  of  the  as-extruded  alloys  from  runs  T4,  T5, 
and  T7  reveals  the  expected  elongated  structures  (Figures  b-1  to  B-3)  parallel  to 
the  direction  of  extrusion.  The  alloy  structure  appears  to  be  untransformed 
alpha  with  the  notable  exception  of  the  apparently  dispersion-free  zones  in 
alloys  T4  and  T5  (Figures  B-1  and  B2).  The  alloys  also  contain  large  dark- 
appearing  spherical  inclusions  which  are  equally  as  numerous  in 

the  Y.O  -containing  and  Y.CL-free  alloys,  but  which  are  smaller  in  the  dispersion- 

4.  J  i.  J 

free  alloy. 

FUTURE  WORK 

These  alloys  will  be  examined  by  electron  probe  microanalysis, 
after  which  the  size  and  distribution  of  the  YjO^-disperslon  will  be  deter¬ 
mined  by  transmision  and  direct  replica  electron  microscopy.  Tensile  test 
specimens  are  being  prepared  from  the  as-extruded  and  extruded  plus  annealed 
alloys.  The  annealing  treatment  to  be  used  is  950°C  for  4  hours  in  vacuum. 

Work  is  under  way  to  prepare  c.p.  titanium  and  then  Ti-3.5  w/o  Al  and  Ti-7.5 
w/o  Al  alloys  by  this  route,  which  will  be  compared  to  their  equivalent 
dispers ion- containing  compositions . 
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TASK  I 

EVALUATION  OF  NEW  HIGH  TEMPERATURE 
TITANIUM  ALLOYS 

by 

A.  H.  Clauer,  G.  W.  Waters,  and  B.  A.  Wilcox 

INTRODUCTION 

In  recent  years  a  number  of  investigators  have  studied  Tl-Al-Ga- 

II  2)  (3  51 

base  alloys,  Including  research  on  creep  behavior  ’  ,  ordered  phases  ’  , 

(A  5) 

tensile  deformation  behavior  ’  and  physical  and  thermodynamic 

properties1  .  The  desirability  for  high  temperature  titanium  alloys  with 

improved  creep  resistance,  coupled  with  the  promising  mechanical  properties 

(9) 

and  reasonably  low  air  contamination  rates  of  Tl-Al-Ga-base  alloys  provided 
the  stimulus  for  undertaking  this  task.  The  objective  was  to  synthesize 
Tl-Al-Ga-base  alloys  with  different  microstructures  (e.g.,  a-annealed  and 
S-annealed)  and  compare  tensile  and  creep  strength,  ductility  and  stability 
(measured  by  post-creep  ductility)  with  present  alloys. 


ALLOYS  AND  MICROSTRUCTURES 

Five  alloys  were  prepared  by  quadruple  arc  melting  finger  Ingots, 
hot  rolling  at  950°C  and  hot  swaging  at  900°C  to  approximately  1/4-inch  diameter 
rod.  The  compositions  are  given  in  Table  1-1.  It  is  well  known  that  addition 
of  dilute  amounts  of  silicon  produces  sllicides  which  lead  to  improved  high 
temperature  creep  resistance.  The  direct  influence  of  sllicides  on  tensile 
and  creep  strength  was  studied  by  comparing  Alloy  1  (Ti-3.4Al-S.7Ga-0.5Si) 
with  Alloy  5  (Ti-3.4Al-8.7Ga),  Alloys  2,  3,  and  4  each  contain  silicon  in 
addition  to  beta-stabilizing  elements,  which  is  a  common  alloying  practi.ce. 
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TABLE  1-1.  NOMINAL  COMPOSITIONS  AND  CHEMICAL 
ANALYSES  OF  ALLOYS  1-5 


Al  loy 
No. 

Element 

(a) 

Al 

Ca 

St 

Mo 

* 

Cb 

Zr 

0 

H 

1 

Nominal 

Composition 

3.4 

8.7 

0.5 

- 

- 

- 

- 

- 

Analysis 

3.39 

8.70 

0.48 

- 

- 

- 

470 

90 

2 

Nominal 

Composition 

3.4 

8.7 

0.5 

1.0 

1.0 

5.0 

- 

- 

Analysis 

3.39 

8.80 

0.51 

1.00 

0.98 

5.07 

400 

60 

3 

Nominal 

Composition 

3.4 

8.7 

0.5 

1.0 

- 

- 

- 

- 

Analysis 

3.41 

8.80 

0.56 

1.03 

- 

- 

400 

105 

4 

Nominal 

Composition 

2.3 

11.8 

0.5 

1.0 

- 

- 

- 

- 

Analysis 

2.34 

11.8 

0.49 

0.97 

- 

360 

65 

5 

Nominal 

Composition 

3.4 

8.7 

- 

m 

- 

- 

- 

- 

Analysis 

3.46 

8.7 

** 

m 

• 

(a) 

In  weight  percent  except  0  and  H  in  p.p.ra. 


Various  heat  treatments  were  used  to  determine  the  nr-transus  and 
0-  transus,  which  were  found  to  be  ~  940°C  and  ~  975 °C,  respectively.  Two 
heat-treatments ,  hereafter  designated  O'-anneal  and  5-anneal .  were  employed 
to  produce  different  microstructures,  which  are  shown  in  Figures  1-1  (tt- anneal) 
and  1-2  (3-anneal)."  The  annealing  treatments,  in  an  inert  atmosphere,  were: 

or-anneal:  800°C,  24  hrs ,  furnace  cooled  to  550°C,  held  at  550°C 
for  25  hrs,  furnace  cooled  to  room  temperature. 

3-anneal:  1060°C,  24  hrs,  furnace  cooled  to  550°C,  held  at  550°C 

for  25  hrs,  furnace  cooled  to  room  temperature. 


* 


Alloy  5  was  not  examined  in  the  ^annealed  condition. 
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(a)  Alloy  1.  Ti-3.4Al-8.7Ga-0.5Si,  250X 


(b)  Alloy  2.  Ti-3.4Al-8.7Ga-lMo-lCb-52r-0.5Si,  KX0X 

FIGl'Kl.  1-1.  Mi  crostructurc  of  Alloys  1  through  5  after 
tv-anneal  ing. 


(c)  Allov  3.  Ti - 3. 4A1-8 . 7('-.-!  -  1”o-0 . SSi 
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The  Of-annealed  alloys  had  a  relatively  fine  grain  size,  —  30  .-m  for  Allov  l, 

10  am  for  alloys  2,3,  and  4  and  ~  60  am  for  Alloy  5.  The  grain  sizes 
resulting  from  ^-annealing  were  very  coarse  transformed  8,  ~  1000  p,m. 

Each  of  the  <v-annealed  alloys  1-4  contained  dispersed  second  phase  particles, 
but  these  were  not  observed  by  optical  metallography  in  the  ^-annealed 
condition.  An  attempt  was  made  to  Identify  the  particles  by  electron  micro¬ 
probe  analysis  on  alloys  2  and  4.  Specimens  were  annealed  just  below  the 
(t-transus  for  a  long  time  (930°C,  72  hrs)  to  coarsen  the  particles.  The 
microstructures  are  shown  in  Figure  1-3  and  microprobe  X-ray  scans  for  Alloys 
2  and  4  are  Illustrated  in  Figures  1-4  and  1-5,  respectively.  The  X-ray 
scan  over  particles  in  Alloy  2  showed  peaks  for  silicon  and  zirconium,  but 
none  for  the  other  alloy  additions.  It  is  thus  probable  that  the  particles 
are  Ti-Zr  sillcides  such  as  (TiZr)5Si3(10) ,  Ti2ZrTi(H)  or  (Zr3Ti2)Si3(l2) . 
Figure  1-5  shows  strong  peaks  for  silicon  and  the  possibility  of  corresponding 
oxygen  peaks  (Figure  I - 5 f c ) ) .  Again  scans  across  the  particles  were  unable 
to  detect  any  of  the  other  alloying  elements.  The  particles  may  be 
or  if  Indeed  oxygen  is  present  possibly  a  Tl-Si-0  compound. 

RESULTS  AND  DISCUSSION 

All  tensile  testing  was  done  in  an  Instron  at  a  strain  rate  of  0.01 
min"*.  Testa  at  room  temperature  and  500°C  were  conducted  in  air  and  tests 
at  700°C  were  done  in  vacuum.  Creep  tests  were  run  at  one  temperature,  550°C, 
under  constant  stress  conditions,  and  the  creep  strain  was  measured  by  LVDT's 
and  recorded  continuously  as  a  function  of  time.  The  atmosphere  was  a  dynamic 
vacuum  of  about  lO"*’  torr,  with  c he  exception  of  several  air  tests  to  assess 
the  effect  of  possible  reduction  in  post  creep  ductility  by  contaminat ion. 
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Most  of  the  creep  results  (i.e.,  steady  state  creep  rates)  were  obtained  by 
stress  cycling  individual  specimens  with  the  tests  being  terminated  after 
about  10-15  percent  strain  for  the  O'-annealed  alloys  and  about  2  to  3  percent 
strain  for  the  more  brittle  ft-annealed  alloys.  Selected  tests  on  the  Gr- 
annealed  alloys  were  run  at  constant  stress  (no  stress  cycling)  to  facilitate 
comparison  with  results  from  the  literature  on  other  titanium  alloys. 

Tensile  Deformation 

The  tensile  results  are  recorded  in  Table  1-2,  and  Figures  1-6  and 
1-7  plot  ductility  and  strength,  respectively,  as  a  function  of  test  tempera¬ 
ture.  At  room  temperature  the  ^-annealed  alloys  are  very  brittle  (~  1%  total 
elongation)  whereas  the  or-annealed  alloys  have  10-12%  elongation.  The 
superior  ductility  of  or-annealed  alloys  at  500“C  and  700°C  is  also  evident 
in  Figure  1-6.  The  yield  and  ultimate  strengths  of  O'-annealed  specimens  ere., 
in  general,  greater  than  those  of  fl-annealed  specimens  at  room  temperature 
and  500QC,  but  are  somewhat  lower  at  700°C  (Figure  1-7).  The  temperature 
dependence  of  the  yield  strength  of  several  commercial  alloys  is  includes  In 
Figure  1-7,  and  it  is  seen  that  Or-annealed  Alloy  2  (T1-3.4A1-8. 7Ga-lMo- 
lCb-5Zr-f  5Si)  has  strength  comparable  to  Ti-6Al-2Sn-4Zr-6Mo  up  to-'  500DC. 
this  all  y  Wo.s  chosen  for  comparison  since,  as  will  be  seen  lat°.r,  the  creep 
prsperc.  ss  trf  the  *-annealed  alloys  are  very  similar  to  this  commercial  alloy. 

Creep  Studies 

Steady  state  creep  rates  as  a  function  of  stress  are  listed  in 
Table  t-3  for  or-annealed  alloys  and  Table  1-4  for  ^annealed  alloys.  These 
results  arc  plotted  tor  individual  alloys  iti  Figures  1-8,  1-9,  1-10,  and  1-11 
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TABLE  1-2.  TENSILE  RESULTS  OF  ft-  AND  0- ANNEALED  ALLOYS 
AS  A  FUNCTION  OF  TEST  TEMPERATURE 


Alloy 

Test 

Temperature 

°C 

Anneal 

0.27. 

Y.S.  , 

10^  pst 

UTS 

10-^  psi 

Uniform 
Elong. , 
% 

Total 
Elong. , 

% 

Reduction 
in  area 

% 

1 

25 

ft 

142.6 

156.2 

9.5 

10.4 

29.4 

1 

25 

0 

118.4 

130.9 

0.9 

0.9 

3.3 

2 

25 

ft 

172.0 

180.5 

8.0 

11.6 

41.0 

3 

25 

ft 

150.0 

161.0 

10.3 

12.3 

36.0 

3 

25 

0 

156.6 

158.6 

0.9 

1.1 

5.7 

4 

25 

a 

167.5 

179.5 

6.1 

9.2 

34.7 

4 

25 

0 

_(b) 

143.1 

~  0.2 

~  0.2 

-  0.2 

5 

25 

ft 

121.7 

130.1 

17.4 

23.0 

33.4 

1 

500 

a 

86.5 

107.2 

14.2 

16.2 

13.9 

1 

500 

0 

69.2 

74.4 

3.7 

5.5 

48.5 

2 

500 

a 

110.0 

131.0 

13.6 

18.9 

12.1 

3 

500 

a 

93.8 

112.5 

13.7 

17.8 

28.1 

3 

500 

0 

90.0 

95.3 

2.2 

3.2 

24.2 

4 

500 

a 

101.5 

125.5 

12.7 

17.6 

28.1 

4 

500 

0 

105.5 

115.7 

3.0 

3.7 

11.7 

5 

500 

ft 

68.7 

86.5 

21.6 

25.2 

43.9 

l 

700 

ft 

57.1 

59.9 

0.7 

40.6 

66.6 

1 

700 

0 

56.8 

63.8 

2.5 

14.9 

36.5 

2 

700 

ft 

40.3 

44.1 

1.2 

>  87.8(a) 

>  55.9(a' 

0 

700 

0 

62.5 

70.5 

2.3 

26.7 

38.6 

3 

700 

a 

44.0 

47.4 

1.0 

62.7 

93.4 

3 

700 

8 

70.1 

72.5 

1.1 

1.3 

1.8 

4 

700 

a 

38.2 

44.0 

4.0 

59.8 

87.6 

4 

700 

0 

70.2 

75.2 

1.7 

2.5 

7.4 

(a) 

(b) 


Test  terminated  before  fracture. 

Test  broke  shortly  before  0.27.  elongation. 


FIGURE  I 
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7.  Yield  and  ultimate  strengtn  versus  temperature  for 
Or-annealed  and  6 -annealed  alloys  1,  2,  3,  4. 
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TABLE 

1-3.  STEADY  STATE 
AS  A  FUNCTION 

CREEP  RATE  OF 
OF  STRESS  AT 

tt-ANNEALED 

5506C 

ALLOYS 

Steady  State 

- - -T -  - - -  ■  " 

Steady  State 

Stress, 

Creep  Rate, 

Stress , 

Creep  Rs 

ite, 

Alloy 

pst 

hr"1 

Alloy 

psi 

hr"1 

l 

40,000 

5.74  x 

io-6 

4 

30,000 

1.80  x 

io"5 

1 

40,000(a) 

7.50  x 

io-6 

4 

40,000(a) 

3.20  x 

io"5 

1 

60,000 

5.88  x 

io"s 

4 

45,000 

5.65  x 

io"b 

1 

60 , 000 

4.00  x 

10‘5 

4 

60,000 

8.00  x 

10"b 

1 

75,000 

1.35  x 

10"4 

4 

60,000 

1.00  x 

10“4 

1 

84,100 

3.95  x 

io"4 

4 

60,000 

2.15  x 

io"4 

1 

90,000 

3.36  x 

10’4 

4 

75,000 

3.20  x 

io‘4 

1 

90,000 

5 . 56  x 

10'4 

4 

105,000 

1.90  x 

io"3 

1 

118,000 

1.32  x 

io-2 

4 

120,000 

6.80  x 

io"3 

2 

35,000 

2.70  x 

IO"5 

4 

120,000 

3.40  x 

io“3 

2 

40,000(a) 

3.41  x 

IO-5 

4 

150,000 

1.11  X 

io"1 

2 

45,000 

4.85  x 

10‘5 

5 

30,000 

5.72  x 

io“b 

2 

60,000 

8.40  x 

io"5 

5 

30,000 

3.93  x 

io“b 

2 

60,  100 

7.35  x 

io-5 

5 

35,000 

1.27  x 

io"4 

2 

75,000 

1.59  x 

io-4 

5 

35,000 

8.70  x 

10"  b 

2 

75,000 

1.28  x 

io"4 

5 

40,000 

4.30  x 

io"4 

2 

90,000 

4.02  x 

10'H 

5 

45,000 

1.17  x 

io"3 

2 

105,000 

1.42  x 

10"  3 

5 

45,000 

5.00  x 

io"4 

2 

120,000 

1.16  x 

10"  3 

5 

55,000 

2.58  x 

10"  3 

2 

120,000 

3.95  x 

io" 3 

5 

60,000 

4.40  x 

10"  3 

3 

40,000(a) 

7.61  x 

io"5 

3 

45,000 

9.10  x 

io’5 

3 

45,000 

1.20  x 

io-4 

3 

60,000 

3.15  x 

io-4 

3 

60,000 

2.27  x 

io-4 

3 

75,000 

6 . 35  x 

10"4 

3 

90,000 

8.00  x 

io"3 

3 

90 , 000 

4.90  x 

10"3 

3 

103,000 

7.80  x 

10"? 

3 

120,000 

4.60  x 

io"1 

(a'l  Single  test,  not  stress  cycled. 
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TABLE  1-4. 

STEADY  STATE  CREEP  RATE 
AS  A  FUNCTION  OF  STRESS 

OF 

AT 

.ft- ANNEALED  ALLOYS 
550*0 

Alloy 

Stress,  psl 

Steady  State 
Creep  rate,  hr”* 

1 

30,000 

8.00  x 

io-6 

1 

45,000 

4.50  x 

io-5 

1 

50,000 

1.20  x 

10'4 

1 

60,000 

1.70  x 

io"4 

1 

60,000 

2.85  x 

io-4 

1 

65,000 

9.00  x 

io-4 

2 

30,000 

A. 50  x 

io-6 

2 

45,000 

1.10  x 

io-3 

2 

60,000 

2.25  x 

io"5 

3 

30,000 

8.10  x 

io-6 

3 

45,000 

2.10  x 

10"  5 

3 

60,000 

3.55  x 

io"5 

3 

75,000 

5.52  x 

io-5 

3 

80,000 

7.00  x 

io-5 

4 

45,000 

1.05  x 

io-5 

4 

60,000 

1.50  x 

io"5 

4 

60,000 

1.90  x 

io"5 

4 

65,000 

2.70  x 

io"5 

Steady  State  Creep  Rote  ,hr 
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Street ,  IOOO  pti 


FIGURE  1-8.  Stress  dependence  of  the  steady  state  creep  rate 
of  Alloys  1  and  5  at  550°C.  Solid  point  is  for 
single  spec imen--not  stress  cycled. 


Steody  Stote  Creep  Rate,  hr 
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Stress  ,1000  psi 
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Fi^URE  I-IO.  Stress  dependence  of  the  steady  state  creep  rate 
of  flt-annealed  and  fl-annealed  Alloy  3  at  550°C. 
Solid  point  is  for  single  spec imen-- not  stress 
eye  led  . 
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for  both  (V-annealed  and  ^-annealed  alloys,  and  Figures  1-12  and  1-13  are 
summary  plots  for  ry-annoa 1 ed  and  8-annealed  alloys,  respectively. 

Figure  1-8  illustrates  the  potent  creep  strengthening  effect  of 
silicon  (presumably  due  to  silicides)  by  comparing  Alloy  1  (Ti- 3 . 4a1-8 . 7Ga-0 . 5Si) 
with  Alloy  5  (Ti- 3. 4A1 -8 . 7Ga)  in  the  ft-annealed  condition.  Over  the  stress 
range  30,000  to  60,000  psi  the  steady  state  creep  rates  of  Alloy  1  are 
approximately  two  orders  of  magnitude  lower  than  those  of  the  silicide-free 
Alloy  5 . 

All  of  the  alloys  in  the  or-annealed  condition  show  an  increasing 

scress  dependence  of  creep  rate  at  high  stresses.  If  the  results  are  treated 

as  two  separate  regimes  then  the  usual  relation  (  a  On ,  is  obeyed  with  n  3  2.2  to  5 

at  low  stresses  and  n  =  6.4  to  24  at  high  stresses.  In  general  the  /9-annealed 

alloys  could  not  be  tested  at  high  stresses  since  they  were  so  brittle. 

However,  Figure  1-8  shows  that  the  creep  rate  of  8-annealed  Alloy  1  starts 

to  increase  rapidly  at  the  highest  stress.  At  low  stresses  the  stress 

exponents  of  ^-annealed  alloys  were  n  =  2.1  to  5,  similar  to  alloys  in  the  tv- 

annealed  condition.  The  increasing  stress  exponent  with  increasing  stress 

is  common  for  many  commercial  alloys  with  complex  microstructures,  and  has 

been  observed  previously  for  creep  at  500*0  of  the  following  8-annealed 

titanium  alloys:  Ti-0.29  Si,  T1-5.4A1-4.5  Sn ,  and  Ti-5 . 9A1 -5 . OZr-O . 29  Si. 

(13) 

Kehoe  and  Broomfield  suggested  that  in  the  low  stress  region  creep  of 

these  alloys  was  controlled  by  drag  of  solute  atmospheres  around  mobile 

(14) 

dislocations.  A  similar  argument  was  offered  by  Clauer  and  Wilcox  to 
explain  creep  of  8-titanium  alloys  at  low  stresses  over  the  temperature  range 
660-1100°C.  Kehoe  and  Broomfield  suggested  that  at  higher  stresses,  where 
n  =  3  to  10,  dislocations  can  break  away  from  solute  atmospheres  leading  to 
sudden  large  elongations. 
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Comparing  Figures  1-12  (j-annenled)  and  I  - 1 J  (3 -annealed),  it  is 
seen  chat  over  the  stress  range  30,000  psi  to  70,000  psi  the  creep  strengths 
oi  the  alloys  in  the  two  conditions  are  roughly  comparable,  suggesting  that 
these  vastly  different  microstructures  produced  similar  steady  state  creep 
rates.  However  the  3-annealed  alloys  must  be  considered  much  inferior 
because  of  iheir  poor  ductility.  It  can  also  be  seen  in  Figures  1-12  and 
1-13  that  there  is  no  large  effect  of  composition  on  creep  rate  in  the  low 
stress  region,  although  alloy  4  (Tl -2 .3A1 -1 1 .8Ga -IMo-O  .5Si)  has  the  lowest 
creep  rate  for  both  heac  treated  conditions. 

It  is  of  interest  to  compare  the  creep  properties  of  the  present 
alloys  with  commercial  alloys,  and  this  is  done  by  the  Larsen -Mi  1 ler  plot 
in  Figure  1-14,  derived  from  the  data  in  Table  1-5.  It  is  seen  that  the 
stress  for  0.2%  creep  for  all  of  the  present  alloys  agrees  well  with  results 
for  Ti-6Al-2Sn-4Zr-2Mo  (STA) ,  and  that  the  Ti -A1 -Ga-base  alloys  are  less 
creep  resistant  (based  on  this  parameter)  than  T1-6A1 -6Sn-2Zr-lMo-0 ,25Si  and 
Ti-6Al-2Sn-1.5Zr-lMo-0.35Bi-0.1Si  (T-ll  alloy). 

TABLE  1-5.  TIME  TO  REACH  0.2%  CREEP  STRAIN  AND  STRAIN  IN  100  HR 

AS  A  FUNCTION  OF  STRESS  AT  550°C  FOR  O' -ANNEALED  ALLOYS 


Alloy 


Stress,  psi 


Time  to 

0.2%,  Strain,  hrs 


Strain 
in  100  hr,  7. 


1 

2 

2 

3 

3 
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40,000 

42.5 

0.3 

40,000 

S  .2 

0.7 

45,000 

4.5 

- 

^0,000 

7 

1.1 

45,000 

3.7 

- 

40,000 

7  .A 

0  .ft 

45,000 

5.0 
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30,000 

29  .5 

- 
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Stress  for  0.2  %  Creep ,  (000  psi 


— i - 1 - 1 - 1 - 1 - i - r 

a  Alloy  I  Tt-3  4  Al -8.7  Go -0.5  Si 
o  Alloy  2,ri-34AI-87Go-IMo-ICb-5  Zr  *0.5  Si 
a  Alloy  3, Ti-3.4  AI-87GQ  -  I Mo *0.5  Si 
v  Alloy  4,  Ti -2  3  AMI  0  Go -I  Mo -0.5  Si 
O  Alloy  5, Ti -3.4  Al- 8  7 Go 

Ti-6AI-2  Sn-4  Zr- 
(STA) 

Ti-6AI-2Sn-42r-6Mo 
(STA) 

Ti-6  Al-  2  Sn- 1.5  Zr  - 1  Mo-0.35  Bi-O.l  Si  • 
(T-II.STA) 
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FIGURE  Larsen -Mi  I  ler  plots  Lor  0.2%  creep  strain  of  o-annealed 

alloys  compared  with  conmereia 1  alloys. 
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The  stability,  measured  in  terms  of  post  creep  ductility,  was 
examined  for  ar-annealed  Alloys  1,  2,  3,  and  4  after  creep  in  vacuum  and  for 
Alloy  3  after  creep  in  air,  and  the  results  are  listed  in  Table  1-6.  For 
specimens  stress -cycled  to  10-15%  strain  the  ductility  after  creep  was  some¬ 
what  less  than  that  before  creep  (5  to  77.  total  elongation  compared  with 
10-12%  before  creep).  However  for  specimens  tested  for  100  hours  at  550°C 
and  40,000  psi  in  both  vacuum  and  air  the  stability  is  excellent.  The  uni- 
lorm  and  total  elongations  after  creep  are  essentially  the  same  as  before 
creep,  although  the  reductions  in  area  are  slightly  lower  for  post-creep 
specimens.  It  would  be  useful  to  further  examine  this  excellent  stability 
by  conducting  1000  hour  tests  in  air. 

The  lack  of  stability  of  Ti-679  (Ti-2 .25Al-llSn-5Zr-lMo-0 .25Si) 
has  been  attributed  to  a  combination  of  transformation  of  metaetable  beta  to 
alpha  +  stable  beta  during  creep,  agglomeration  of  silicide  particles  and 
oxygen  contamination/15^  Erdeman  and  Ross^15^  found  that  the  reduction  in 
area  of  Ti-679  was  only  about  5%.  after  creep  in  air  for  100  hours  at  538°C 
(0.1-0. 3%,  creep  strain)  compared  with  30  to  45%  RA  prior  to  creep.  The  sta¬ 
bility  results  on  the  present  alloys  (e.g.,  see  Alloy  3,  Table  1-6)  are  con¬ 
siderably  more  encouraging  than  those  reported  for  Ti-679.  This  improvement 
m*y  be  associated  with  better  oxidation  resistance. 

CONCLUSIONS 


Ti -Al -Ga -base  alloys  have  been  synthesized  with  different  micro¬ 
structures  produced  by  Cr-annea!  ing  and  0-annealing.  The  Or-annealed  alloys 
were  superior  to  3-annealed  alloys  because  of  poor  ductility  In  the  latter. 
The  room  temperature  yield  strengths  of  o-annealed  alloys  containing  silicon 


TABLE  1-6.  PRE-  AND  POST-CREEP  TENSILE  RESULTS  OF  Or- ANNEALED 

ALLOYS  AT  ROOM  TEMPERATURE.  STRAIN  RATE  =  O.Ol  MIK 
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were  143,000  to  172,000  psi  with  10  to  12%  total  elongation.  The  tensile 
properties  of  the  highest  strength  alloy  (Alloy  2)  are  similar  to 
Ti-6Al-2Sn-4Zr-6Mo  over  the  temperature  range  25  to  500°C  . 

The  strengthening  effects  of  silicon  (presumably  as  dispersed 
silicide  particles  and/or  as  silicon  in  solid  solution)  were  examined  by 
comparing  a-annealed  Ti-3.4Al-8.7Ca  and  Ti-3.4Al-8.7Ca-0.5Si.  A  20,000  psi 
increase  in  room  temperature  yield  strength  was  caused  by  the  silicon  addition 
with  an  attendant  decrease  in  total  elongation  from  23%  to  10%.  Silicon  also 
decreased  the  steady  state  creep  rate  by  about  two  orders  of  magnitude  at 
550°C  over  the  stress  range  30,000  to  60,000  psi. 

At  550°C  there  was  no  large  effect  of  composition  or  heat  treat¬ 
ment  on  the  steady  state  creep  rate,  all  of  the  materials  examined  having 
rates  within  about  an  order  of  magnitude  of  each  other  at  a  given  stress. 

Again  the  8 -annealed  alloys  were  Inferior  because  of  poor  cr^ep  ductility. 

Two  stress  regimes  were  found  for  creep  of  a-annealed  alloys  with  the  stress 
exponent  n  *  2.2  to  5  at  low  stresses  (~30,000  psi  to  70,000  psi)  and 
n  «  6.4  to  24  at  high  stresses  (~9Q,000  psi  to  130,000  psi).  The  stress 
exponents  for  @ -annealed  alloys  were  n  =  2.1  to  5  over  the  stress  range 
30,000  psi  to  70,000  psi.  Rate  controlling  creep  processes  cannot  be  defi¬ 
nitely  identified,  but  it  is  possible  in  the  low  stress  regime  that  creep 
is  controlled  by  dislocations  dragging  solute  atmospheres. 

Based  on  stress  to  produce  0.2%  creep  strain  at  550°C  the  a-annealed 
alloys  containing  silicon  have  modest  creep  strength,  similar  to  that  of 
Ti-6Al-2Sn-4Zr-2Mo  but  less  than  that  of  Ti -5A1 -6Sn-2Zr-lMo-0 . 2 5S i  and 
Ti-6Al-2Sn-1.5Zr-iHo-0.35Bi-0.1Si  (T-ll,  STA)  .  However  the  a-annealed  alloys 
have  excellent  stability,  much  superior  to  Ti-679  (Ti-2.25Al-llSn-5Zr-lMo-0.25Sl). 
After  100  hour  creep  tests  in  vacuum  and  air  at  550°C  and  40,000  psi  the  post¬ 
creep  elongation  was  identical  to  that  before  creep  (10  to  14%  total  elongation). 
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Creep  exposure  caused  a  slight  decrease  in  7.  RA  (307.  to  407.  before  creep 
compared  with  207.  to  307.  after  creep)  . 


RECOMMENDATIONS 


Based  on  reasonable  tensile  and  creep  strengths  coupled  with 
excellent  post  creep  ductility,  it  appears  that  Tl-Al-Ga-Sl-base  alloys  offer 
promise  as  a  new  class  of  high  temperature  titanium  alloys.  Additional 
research  is  needed,  however,  to  fully  assess  their  potential,  e  .g  . ,  (1)  optimi¬ 

zation  of  heat  treatment  to  give  the  best  combination  of  tensile  and  creep 
strength^lb\  (2)  modification  of  S -stabilizing  alloy  additions,  (3)  addi¬ 
tional  alloy  modifications  such  as  the  inclusion  of  0.35  Bi,  as  in  T-l1.,  and 
(4)  long  time  (1,000-10,000  hour)  creep  tests  in  air  to  assess  stability  under 
more  severe  creep  exposures. 

It  would  be  desirable  t)  understand  why  the  present  alloys  exhibit 
such  good  stability.  If,  for  example.it  is  because  the  alloys  have  good 

(9) 

resistance  to  oxygen  contamination  then  the  cause  of  this  should  be  deter¬ 
mined.  The  incorporation  of  gallium  may  have  an  effect  here,  and  if  so  it 
should  be  regarded  as  an  important  alloying  element  in  spite  of  its  present 
high  cost.  Clearly  more  research  is  reeded  here. 
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TASK  II 

VAPOR  DEPOSITION  OF  METALS  ON  ALUMINUM  AN1)  BORON 

by 

W.  R.  Stowell  and  D.  Hausner 

INTRODUCTION 

The  overall  objective  of  this  task  is  to  evaluate  the  potential  of 
thin-filtn  diffusion  brazing  for  joining  boron- aluminum  fiber -reinforced 
composites.  Prior  to  its  initiation  a  substantial  amount  of  work  was  con¬ 
ducted  ar  the  AFML  to  develop  diffusion  brazing  procedures  for  7075-T6  and 
6061-T6  aluminum  alloys.  Relatively  thick  foils  (25-125  Mm)  were  used  in 
these  early  experiments.  In  the  present  effort,  specimens  of  7075  or  6061 
aluminum  are  cleaned  first  by  conventional  mechanical  and  chemical  methods. 
Specimens  are  then  argon-ion  bombarded  to  remove  aluminum  oxide  and  thin 
filler-metal  layers  (1-10  gm)  are  immediately  vapor  deposited  on  the  clean 
joi.it  surfaces.  Boron  specimens  and  boron-aluminum  composite  specimens  will 
be  coated  in  the  same  manner  later  in  the  program.  Phase  I  of  this  Task 
consists  of  determining  the  process  parameters  for  producing  the  most  suitable 
.  deposited  filler  metals  and  thicknesses .  After  diffusion  brazinb  at 
the  AFML,  Phase  II  wil1  include  metallographic  analyses  and  tensile  tests  on 
the  brazed  specimens. 


RESEARCH  PROGRESS 

Tn  one  effort  in  Phase  l  of  this  Task,  diffusion  brazes  made  pre¬ 
viously  at  the  AFML  have  been  evaluated  me ta 1 lograph leal  1 y  and  typical  photo- 
mi  t r o<;raphs  have  been  prepared  (see  Figure  Il-i).  This  work  is  summarized  in 


Ml  ill  i|ii  ~~  )  ~  i  ' 


1  NaOH  etch.  jOO>. 

(M  1  Vi  r  :=  ..  •  ->1  cl  Ci  (  roj>l  ;:Lod  A;;  ,il  525  ('  and 

i"  ;  Tor  I  'h":r, 

FT  emu:  T  1  -  1  .  A 1  i  nv:!;  Allov  f>06J  Braced  with  Silver. 


Table  1  I  - 1 .  Figure  II- la  shows  a  wide  it  i  t'lusi.ci  zone  and  large  pores  in  the 
braze.  These  resulted  primarily  From  the  relatively  thick  (25  ~nil  filler  metal. 
A  thinner  filler  metal  (1  „.m)  eliminates  Lhe  diffusion  zone  and  the  porosity 
in  this  system  (Figure  ll-lb).  The  diffusion  heat  treatments  at  1OU-500C  lor 
up  to  1000  hours  were  used  tc  determine  their  ability  to  disperse  the  brazing 
filler  metals  from  the  joint.  Grain  size  measurements  of  6061  aluminum 
following  the  diffusion  heat  treatments  indicated  negligible  grain  growth 
except  at  500°C  for  1000  hours.  This  heat  treatment  produced  a  grain  size  of 
ASTM  6.9  compared  to  7.5  for  the  as-brazed  specimen.  The  grain  size  of  7075 
aluminum  brazed  with  zinc  and  diffusion  heat  treated  could  not  be  quantitatively 
measured  because  even  after  1000  hours  at  500 JC  the  grains  were  still  signifi¬ 
cantly  elongated.  However,  practically  no  grain  growth  was  apparent  after 
heat  treating  at  300 °C  whereas  some  was  evident  at  400  and  500  C. 

In  addition  to  chc  brazed  specimens,  a  few  7075  aluminum  alloy 
forge  welds  made  at  the  AFMI.  were  examined  at  Bartelle.  All  of  these  were 
made  between  l- inch-diameter  cylinders  in  vacuum  at  490°C  for  1  hour  with 
eirher  20  or  30  percent  deformation,  based  on  che  increase  in  area  of  the 
interface  region.  Samples  were  examined  in  the  as-welded  condition,  after 
heat  treating  to  the  T6  condition,  aud  after  100  hours  at  400T  plus  the  T6 
heat  treatment.  All  of  the  welded  specimens  displayed  a  flat  interface.  In 
the  as-welded  condition,  small  interiacial  precipitates  were  seen  aL  B00X, 
which  were  more  discrete  and  separated  further  with  30  percent  del ermat i on 
than  inch  20  percent.  All  of  the  welds  tinallv  heat  treated  to  the  Tfc  con¬ 
dition  looked  similar  at  magnifications  up  to  dOO  times.  A  few  small  grains 
which  probably  nucleated  during  welding,  were  visible  at  the  interlace  in 
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TABLE  1 1- 1 .  SUVMARY  OK  ALUMINUM  BRAZING  EXPERIMENTS 
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Vapor  coaled  specimens  'nave  been  prepared  and  sent  to  AFM1.  tor 
evaluation  of  their  brazing  characteristics.  Table  11-2  is  a  list  of 
coated  specimens  which  have  been  returned  for  brazing  and  evaluation.  In 
preliminary  eva luat ions .  the  brazes  produced  from  the  silver  coated  material 
were  of  higher  quality  than  any  produced  using  a  sheet  of  silver  filler  metal. 
This  was  also  true  for  the  copper  coated  materials.  However,  because  copper 
produced  a  brittle  zone  at  the  braze  interface,  it  has  been  discontinued  from 
the  current  program. 

TABLE  LI-2.  VAPOR  DEPOSITED  COATINGS  FOR  BRAZING 


Group  Number 

Base  Metal 

Coating  Materials 

Thickness,  um 

L 

6061  A1 

Ag 

1,5,10 

2 

6061  Al 

Cu 

1,5,10 

1 

7075  Al 

Ag  28  Cu 

1,5,10 

4 

7075  Al 

Zn  plus 

1 

Ag- 28  Cu 

5 

Based  or.  preliminary  evaluations  of  brazed  specimens  at  the  AFML  and 
at  Battelle,  Che  following  observations  and  conclusions  have  been  made  to  date: 

(1)  Silver  appears  to  be  the  best  braze  material  for  6061.  The 
brazes  are  more  ductile  in  the  as-brazed  condition  than  after 
a  T6  treatment. 

(2)  Copper  flows  well  on  6041  hot  produces  brittle  brazes.  It 
has  been  deleted  from  further  studv. 

f  3  >  Magnesium  or  silver-2^  weight  percent  copper  were  most,  suitable 
for  7075  aluminum  brazing. 
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(A)  Thin  films  (approximately  l  am)  generally  produce  better 
brazes  than  thick  filler-metal  layers. 

(5)  The  silver-aluminum  eutectic  wets  boron. 

FUTURE  WORK 

After  the  most  suitable  filler  metals  and  thicknesses  have  been 
selected  during  Phase  I,  metallographic  analyses  and  tensile  tests  of 
diffusion  brazed  specimens  will  be  conducted  in  Phase  II. 
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EVALUATE  REFRACTORY  OXIDE  CRUCIBLE  MATERIAL  FOR 
INDUCTION  MELTING  OF  TITANIUM 

by 

C.  A.  Alexander,  N.  M.  Griesenauer,  D.  P.  Moak,  L.  G.  McCoy,  and  D.  E.  Niesz 

INTRODUCTION 

Current  melting  practices  have  been  developed  to  avoid  the  problems 
caused  by  the  extreme  reactivity  of  titanium,  its  sensitivity  to  interstitial 
elements,  and  the  lack  of  an  inert  crucible  and  mold.  Consumable,  electrode  are 
melting  in  water-cooled  molds  is  utilized  to  all  large  ingots.  This  process 
requires  precise  electrode  fabrication  to  avoid  ingot  inhomogeneity  (because 
only  a  traction  of  the  metal  is  molten  at  one  time),  and  solidification  pat¬ 
terns  are  sensitive  to  electrode  characteristics.  Thus,  remelting  is  necessary 
to  assure  homogeneous  and  flaw-free  ingots,  adding  significantly  to  the  cost. 
Skull  melting  of  titanium  has  been  used  for  the  production  of  castings  of 
limited  size.  This  technique  provides  a  completely  molten  charge  but  is 
severely  restricted  because  of  lack  of  superheat  control  and  the  size  limitation. 

The  development  of  a  process  for  inductively  melting  titanium  in  an 
inert  crucible  could  be  a  significant  step  in  the  reduction  of  cost  of  the  metal 
and  provide  a  higher  quality  product,  particularly  for  precision  castings. 
Induction  melting  would  provide  the  advantages  of  superior  alloy  homogeneity 
arising  from  a  controlled  superheat,  the  inherent  stirring  action  of  an  induc¬ 
tion  field,  single  batch  melting,  and  the  elimination  of  electrode  fabrication 
and  handling.  Such  an  inert  material  could  also  be  utilized  as  a  mold  or  mold 
facing  to  allow  the  use  of  higher  mold  temperatures  in  precision  casting.  In 
addition,  ..he  identification  of  stable  compositions  might  allow  for  their  incor¬ 
poration  into  titanium  alloys  as  second-phase  dispersoids,  providm,,  the  basis 

for  dispersion-strengthening. 
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In  an  effort  to  find  a  suitable  crucible  material,  the  results  of 
past  work  in  this  area  were  reviewed  and  used  along  with  thermodynamic  and 
other  considerations  to  generate  a  list  of  materials  for  experimental  evalu¬ 
ations.  Initial  screening  consisted  of  evaluating  the  interaction  between 
titanium  and  the  candidate  materials  in  reaction  couples  and  arc -melting 
experiments.  Based  on  the  results  of  these  experiments,  ytcria  was  chosen 
for  more  detailed  thermodynamic  and  crucible-melt  studies. 

BACKGROUND 

The  high  melting  point  (~1668°C)  and  great  chemical  reactivity  of 
titanium  at  high  temperatures  is  well  known.  Titanium  absorbs  large  amounts 
of  oxygen,  nitrogen  and  carbon,  while  only  a  small  fraction  of  these  inter¬ 
stitials  may  be  detrimental  to  mechanical  properties.  Consequently,  refractory 
materials  such  as  oxides,  carbides  and  nitrides,  when  dissolved,  contaminate 
the  metal,  causing  loss  of  desired  propertied  such  as  ductility.  An  adequate 
container  material,  then,  should  have  the  following  properties: 

(1)  Be  inert  or  nearly  inert  to  molten  titanium.  If  reaction 
(e.g.,  reduction)  occurs,  the  elements  involved  should  not 
deleteriously  affect  the  engineering  properties  of  the  metal. 

(2)  Have  sufficient  thermal  shock  resistance  to  survive  repeated 
usage  and  thermal  gradients  during  heating. 

(3)  Be  essentially  unaffected  by  air  and  moisture  at  room 
temperature . 

(4)  Be  non -toxic. 

(5)  Have  a  potential  ot  reasonable  availability,  durability,  and 


cost  . 
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(6)  Show  adequate  electrical  properties  at  high  temperatures  for 
i  rtduc (  ion  me  1 1  inc  . 

Weber  et  al.^\  have  summarized  previous  work  up  to  1957  on  molten 

titanium  reactivity  with  container  materials.  They  note  carbides,  oxides, 

nitrides,  sulfides,  borides,  silicides,  fluorides,  complex  oxyfluorides  and 

(2) 

intermetallics .  Kastwood  and  Craighead  examined  a  large  number  of  oxides, 
corbides,  nitrides,  silicidr-s,  borides;  and  refractory  metals  and  concluded 
that,  with  the  possible  exception  of  zirconia,  all  were  reactive.  Weber, 
et  al.^^  examined  oxygen -defic ient  zirconia  as  a  crucible  material  and 
developed  a  number  of  compositions  modified  by  titanium.  The  15  atomic  percent 
Ti-ZrO^  composition  was  shown  to  be  inert  to  molter.  titanium  for  short  tines 
(<  1  minute)  with  littie  superheat. 

Since  Weber's  work  on  titanium-modified  zirconia,  little  experimen¬ 
tation  on  refractory  ceramic  materials  for  melting  has  been  reported.  Garfinkle 
(3) 

and  Davis  investigated  the  type  of  reaction  between  liquid  titanium  and  TiC, 


ZrC,  Cr^C^,  Til^i  MoB^ ,  Crl^,  TaB^,  ^oSij,  an<*  an<*  f°unc*  Ceo  to  t>e  the  most- 
resistant  material  to  attack,  although  dissolution  of  the  sulfide  was  observed. 


A  number  of  experiments  were  carried  out  by  Lyons  and  Innouye 


the  Air  Force  Materials  Laboratory;  and  these  experiments  indicated  that 
appeared  to  be  the  most  promising  candidate  as  a  crucible  for  melting  and  cast* 


ing  of  titanium.  In  an  effort  to  further  establish  the  usefulness  of  yttria 
for  this  application,  a  program  to  develop  a  technique  for  fabrication  of  cru¬ 


cibles  of  laboratory  size,  and  a  thermodynamic  analysis  of  the  interactions  of 


titanium  and  ytlria  was  performed. 
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results  and  discussion 

Thermodynamic  Evaluations 

In  real  thermodynamic  systems  one  must  consider  the  second  law  of 
thermodynamics  in  its  most  general  form;  namely,  at  equilibrium  the  chemical 
potential  of  each  component  must  have  the  same  value  in  all  phases.  In  its 
broadest  sense,  then,  when  applied  to  the  melting  of  titanium  in  yttria  one 
must  consider  that  a  number  of  transport  phenomena  will  occur  until  equili¬ 
brium  is  reached  and  that  this  final  equilibrium  condition  will  involve  con¬ 
siderations  of  concentration  of  titanium,  oxygen,  and  yttrium  both  in  the 
metal  as  well  as  in  the  crucible. 

Since  it  is  known  that  there  is  considerable  solubility  of  oxygen 
in  titanium  and  that  yttria  can  exist  as  an  oxygen-deficient  compound^  the 
most  immediate  reaction  of  concern  would  be  of  the  form: 

Ti  +  Y203  -  Ti  (0  in  soln)  +  Y  <>3  •  (D 

Although  it  is  not  Immediately  obvious  from  Equation  (1)  there  is 
also  the  consideration  that  Y  may  also  go  into  solution  as  the  oxygen  potential 
is  lowered.  Iri'an  effort  to  evaluate  experimentally  the  quantities  necessary 
for  evaluation  of  Equation  (1)  a  series  of  mass  spect rcmetr ic  determinations 
was  performed  on  molten  titanium  in  contact  with  yttria  crucible  liners. 
Experiments  were  performed  in  the  Nuclide  12-90-HT  mass  spectrometer,  which 
ha9  been  described  elsewhere^’ ^  .  The  purpose  of  the  experiments  was  pri¬ 
marily  to  determine  the  oxygen  potential  in  molten  titanium  of  known  oxygen 
content  and  the  oxygen  and  yttrium  potential  of  yttria  of  a  known  stoichio¬ 
metry.  In  both  cases  the  oxygen  partial  pressure  was  computed  from  determi¬ 


nation  of  ion  intensities  from  reactions  of  the  form: 
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and 


Tl,  v  +  1/2  0_,  -  TiO  . 

(g)  2(g)  (r) 


Y  +  /9  o  *  YO 

<R>  2(g)  YU(g) 


(2) 

(3) 


From  known  thermodynamics  for  the  above  reactions,  the  equilibrium 
constants  were  determined,  and  from  experimental  values  for  ion  intensities 
of  Ti+,  TiO+,  Y+  and  YO+  together  with  relative  cross  sections  for  the  species, 
oxygen  pressures  were  computed.  In  all  cases,  these  oxygen  pressures  were 
less  than  10  ^  atm,  even  at  1760°C.  The  sensitivity  limit  of  t he  mass  spec¬ 
trometer  is  about  10  ^  atm;  hence,  one  could  not  determine  these  oxygen 
partial  pressures  directly.  Therefore,  all  oxygen  partial  pressures  were  cal¬ 
culated  from  the  moss  spectrometric  data  using  Equations  (2)  and  (3).  From  a 
series  of  measurements  of  pressures  and  compositions  a  value  for  a  Sievert's 
law  constant  (Xq)  for  oxygen  in  titanium  at  1687°C  was  determined.  The  data 
could  be  expressed  by 

7  .  \.h 

x0  *  10  <*02>  •  <*> 


No  such  simple  equation  was  found  for  oxygen -defic ient  yttria;  how¬ 
ever,  it  vas  found  that  with  an  0/M  of  1.47  94^  at  1^87°C,  the  oxygen 

-19 

partial  pressure  was  10  atm.  Baseo  on  the  above  values,  a  relationship  be¬ 
tween  sco ichiometry  of  the  crucible  and  oxygen  uptake  into  titanium  can  be 
established.  This  relation  is  shown  in  Figure  III-l  along  with  equilibrium 
yttrium  contents  at  selected  points.  It  can  be  seen  that  for  ?  crucible  of 
the  composition  Y  0,,  .  the  titanium  would  be  in  equilibrium  with  it  if  the 

L  L.  . 

titanium  contained  COO  ppmw  of  oxygen  and  40  ppmw  of  yttrium.  Titanium  con¬ 
taining  more  oxygen  than  this  initially  would  be  expected  to  transfer  its 
excess  oxygen  to  the  crucible  until  an  equilibrium  value  was  reached.  These 


6 


FTCl'RZ  TIl-1.  Equilibrium  Oxygen  Distribution  ac  1687°C 
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relations  are  predicated  on  the  premise  that  there  are  no  additional  unknown 
complexes  formed  between  titanium  and  the  yttria  crucible.  In  addition  it 
is  presumed  that  titanium  is  not  soluble  in  yttria  and  that  yttrium  and 
oxygen  are  soluble  in  molten  titanium.  The  limited  experiments  performed 
gave  no  indication  of  the  existence  of  complexes,  but  solubility  of  titanium 
in  yttria  (probably  as  an  ionic  substitution  for  yttrium  ions)  was  confirmed 
late  in  the  investigation.  The  extent  to  which  titanium  substitution  for 
yttrium  would  affect  the  above  analysis  cannot  be  determined  until  further 
data  are  obtained. 

Neglecting  the  titanium  soLubilicy  in  yttria,  there  is  sufficient 
information  to  determine  the  feasibility  of  producing  on  acceptable  quality 
titanium  in  an  yttria  crucible.  As  a  criterion  for  acceptance  we  have  con¬ 
sidered  that  1500  ppm  oxygen  by  weight  is  allowable.  Conversion  indicates 

-3 

that  this  corresponds  to  4.5  x  10  atom  fraction  oxygen.  Utilizing  this 

value  for  in  Equation  (4)  indicates  that  the  oxygen  potential  in  molten 

-19 

titanium  corresponds  to  2  x  10  atm  0^ .  Stoichiometric  Y^O  at  this  temper¬ 
ature  has  a  potential  near  10  ^  atm  0^ ;  hence,  one  would  expect  a  marked 
reaction  between  stoichiomett ic  and  titanium.  If,  however,  the  crucible 

were  reduced  to  a  composition  of  about  Y^O^  g^  prior  to  charging,  then  at 
temperature  the  oxygen  potential  would  be  matched  between  the  oxide  phase  arid 
the  titanium  xhase  and  no  driving  force  for  transport  would  exist.  Should 
titanium  containing  1500  ppm  be  melted  in  a  crucible  whose  st oi c hi ome t rv  is 
lower  than  Y^O^  then  one  would  expect  the  titanium  to  give  up  some  of  its 

oxygen  to  the  crucible.  Fium  an  oxyxen  content  standpoint,  teen,  one  would 
like  to  use  as  reduced  a  crucible  as  possible;  however,  there  is  a  change  cl 
several  orders  of  magnitude  in  the  activity  oi  yt  t  riun  .  On  a  weight  has  j  s  one 


finds  the  relationship: 
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a 


1.5  x  10‘2w  , 


(5) 


where  a  is  the  thermodynamic  activity  of  yttrium  and  w  is  the  weight  percent 

of  yttrium  expected  to  be  dissolved.  This  is  a  rather  crude  Henry's  law 

approach  but  should  give  order -of “magnitude  values  for  the  yttrium  content  in 

titanium.  If  one  decides  that  400  ppm  by  weight  is  the  maximum  allowed  pickup 

-4 

of  yttrium,  then  the  activity  of  yttrium  must  be  6  x  10  or  less.  One  now 
can  calculate  the  oxygen  pressure  to  which  this  yttrium  activity  corresponds. 
The  data  indicate  at  1687°C  that 

(aY)  (p„  )°‘75  =  3  x  10'19  ,  (6) 

u2 


where  aY  is  the  desired  activity  of  yttrium  and  p0  is  the  oxygen  pressure  in 

2  -21 

atmospheres.  Solving  the  above  for  oxygen  gives  pg^  -  3  x  10  atm.  From 

-4 

Equation  (4)  one  then  concludes  that  the  oxygen  content  would  be  5  x  10  atom 
fraction  in  the  titanium.  This  value  corresponds  to  less  than  200  ppm  by 
weight  oxygen  and  thus  it  is  certainly  thermochemically  feasible  to  expect 
good  quality  titanium  products  melted  in  yttria  crucibles,  providing  the 
yttria  has  been  pretreated  to  ensure  it  is  of  the  proper  stoichiometry.  Further 
work  is  needed  before  the  effect  of  titanium  solubility  in  yttria  can  be  assessed 


Crucible  Production 

The  yttria  crucible  liners  for  the  Nuclide  mass  spectrometer  evalua¬ 
tions  and  the  crucibles  for  the  melting  studies  were  prepared  by  hydrostatic 

pressing  either  with  or  without  mandrels,  green  machining,  and  firing  in  a 

★ 

vacuum  furnace  or  in  a  gas-fired  kiln.  Michigan  Chemicals  yttria  powder  was 

^  2 
Lot  Y-1865-0,  165  ppm  total  impurities,  surface  area  16.5  m  / g. 


k. 
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used  for  all  crucibles.  The  powder  was  green  pressed  at  100,000  psi  to  06  per¬ 
cent  of  theoretical  density.  The  crucibles  were  sintered  to  greater  than  97 
percent  of  theoretical  density  at  i 760°C  in  a  gas-fired  kiln  or  at  1760°C  or 
2000°C  in  a  tungsten -e lenient  vacuum  furnace.  The  crucibles  were  reduced  by 
placing  a  small  charge  of  titanium  in  the  crucible  and  healing  in  vacuum  at 
1700°G  until  the  weight  loss  corresponding  to  the  desired  stoichiometry  was 
achieved.  The  stoichiometry  was  determined  by  measurement  of  weight  change  by 
thermogravi metr ic  analysis  during  oxidation  or  reduction. 

The  crucible  liners  for  the  Nuclide  mass  spectrometric  evaluations 
were  0.45  in.  OD  by  0.45  in.  deep  with  a  1/16-in.  wall.  The  lids  were  1/16 
in.  thick  with  a  1/4-in.  radial  depression  on  the  inside  surface  to  give  a  5- 
mil  thickness  at  the  center.  A  20-mil -di ameter  hole  was  placed  in  the  center 
of  the  lid.  The  details  of  the  crucible  liner  and  experimental  facility, 
setup,  and  procedure  for  the  mass  spectrometry  have  been  described  else¬ 
where^’7^.  Melts  we^e  made  in  crucibles  that  were  1/2  in.  ID  by  1-1/8  in. 
high  with  a  1/8  in.  wall  thickness. 

Melting  experiments  were  performed  in  a  cold-wall,  resistance- 
heated  vacuum  furnace.  A  vacuum  of  5  x  10  ^  torr  was  maintained  during  the 
experiments.  Temperatures  were  stepwise  increased  until  a  tenperature  of 
1660°C  was  reached,  then  an  increment  of  power  was  applied  to  the  furnace  to 
rapidly  raise  the  temperature  to  about  1710  or  1760°C,  depending  upon  the 
amount  of  superheat  desired.  The  furnace  was  held  at  this  temperature  for 
the  prescribed  time,  then  the  power  was  decreased  to  cause  cooling  to 
about  1600°C.  Observations  indicated  chat  solidification  began  20  seconds 
after  the  power  reduction.  After  reaching  1600°C  the  furnace  temperature  was 
reduced  in  a  stepwise  manner  until  ambient  conditions  were  reached. 
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Melting  Experiments 

The  results  of  the  evaluation  of  several  melts  in  the  small  yttria 
crucibles  are  given  in  Table  III-l.  The  comparative  data  for  the  crystal  bar 
titanium  melted  in  the  substoichiometric  crucibles  (Melts  B  and  C)  show  a 
marked  effect  on  hardness  and  contamination  levels  (both  yttrium  and  oxygen) 
when  the  melt  temperature  and  hold  time  is  increased.  It  should  be  noted, 
however,  that  the  low  oxygen  content  of  the  crystal  bar  metal  served  to  pro¬ 
vide  a  net  driving  force  for  melt/crucible  ejection,  in  spite  of  the  lower 
oxygen  potential  in  the  substoichiometric  yttria.  The  degree  of  hardening 
of  the  titanium  as  a  result  of  crucible  attack  is  shown  best  in  the  compara¬ 
tive  melts  of  the  arc -cast  titanium  (Melt  D)  with  yttrium  metal  intentionally 
added  and  the  titanium  melted  in  the  substoichiometric  yttria  for  only  2 

minutes  at  an  approximate  50°C  superheat  (Melt  C) .  Metal  hardness  increased 
from  Rg  52  to  Rfi  59,  at  approximately  equivalent  yttrium  contents.  This  com¬ 
parison  shows  that  the  effect  of  yttrium  metal  alone  on  the  titanium  is 
small,  while  if  sufficient  oxygen  is  available  for  scavenging,  the  yttrium 
combines  with  that  oxygen  and  precipitates  as  ^0^  on  cooling,  greatly  in¬ 
creasing  the  bulk  metal  hardness.  The  melt  of  sponge  (Melt  A)  described  in 
Table  III-l  in  the  fully  oxidized  cruc^hle  resulted  in  gross  contamina¬ 

tion  cf  the  metal  compared  with  a  similar  melt  in  the  substoichiometric  yttria 
crucible  (Melt  B) .  Microstructures  of  the  as -solidified  titanium  metal  from 
the  melts  described  in  Table  III-l  are  shown  in  Figures  III-2  through  III-5. 
Comparison  of  the  amount,  distribution,  and  size  of  the  precipitated 
particles  in  the  titanium  matrix  in  the  microstructures  show  the  relative 
degree  of  melt /crucible  reaction.  Clearly,  the  substoichiometric  crucible 
resulted  in  less  reaction. 
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TABLE  IIl-l.  INITIAL  CRUCIBLE  MELT  RESULTS 


n  («) 

Oxygen  , 
Yttrium*6) 
Hardness 


Starting  Metal 


After  Me  ltins 


EL-75  T1  Sponge.  Induction  melted  8  min  at  1770°C 
under  1  atm  argon  in  fully  oxidised  YjO-j 

(air  fired)  crucible 


560 
ND'C' 
Rb  45 


10,500  (1.05  w/o) 
3  .60  w/o 
Rg  95*h) 


(B)  Crystal  Bar  Ti ■  Resistance  heated  10  min  at  I770°C 
in  vacuum  in  substoichiometric  Y2O2  crucible 


Oxygen,  ppm 

Yttrium 

Hardness 


Rb  52 


6,000  (0.60  w/o) 
2  .20  w/o 
r  92(h) 


Crystal  Bar  Ti.  Two  min  at  1730  C  in  vacuum 
in  substoichiometric  Y2O3  crucible 


Oxygen ,  ppm 

Yttrium 

Hardness 

Yield  Strength,  ksi 
7.  Elongation 


230 

ND 

R.  52 
~B33(e) 
~  40(“) 


3,200  (0.32  w/o) 
1.18  w/o 
R„  85(h) 

70B2(f) 

14.5*f) 


[D)  Crystal  Bar  Ti  +  1.27.  Y.  Arc -cast  under  1/3  atm 
He  on  water-cooled  copper 


Oxygen,  ppm 
Yttrium,  ppm 
Hardness 

Yield  Strength,  ksi 
7.  Elongation 


230 

ND 


.“33(e) 
•  40(e) 


380  (0.038  w/o) 
12,000  (1.2  w/o)(d) 

rb  59(h) 

B58<8) 

22<g) 


(a)  Vacuum  fusion  analysis. 

(b)  Calculated  from  quantimet  analysis  of  v/o  Y^O^  present. 

(c)  Not  detected. 

(d)  Based  on  yttrium  in  charge  composition. 

(e)  Typical  values  taken  from  literature^ 

(f)  Sheet  specimen,  annealed  1  hr  at  700  C. 

(g)  Bar  specimen,  cold  worked  approximately  25  percent. 

(h)  As -c as t  specimen. 
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It  should  be  pointed  out  that  the  oxygen  contents  repotted  for  the 
melted  samples  were  obtained  by  vacuum  fusion  techniques  and  are  considered  to 
be  below  actual  levels.  The  fusion  bath  temperature  of  1950°C  is  probably  too 
low  to  take  all  the  particles  into  solution  for  reduction  by  carbon. 

This  theory  was  substantiated  by  analyses  of  high-purity  metal  having  known 
levels  of  oxygen  by  intentional  additions  of  Particles,  analyzed  to  con* 

tain  far  less  oxygen  than  was  intentionally  added. 

The  results  of  induction  melts  of  commercial  grade  A-55  titanium  rod 
in  fully  oxidized  and  "partially"  reduced  larger  yttria  crucibles  are  presented 
in  Table  II1-2  and  compared  with  arc-cast  metal  intentionally  alloyed  with 
1.2  weight  percent  y ttr ium  metal .  The  as-polished  microstructures  of  resulting 
ingots  are  shown  in  Figures  III -6,  1II-8,  and  III-7.  Melts  (E)  and  (F)  in  the 
yttria  crucibles  were  made  through  the  use  of  a  molybdenum  susceptor  in  the 
induction  coil  because  of  thermal  shock  failure  of  the  97  percent  dense  cru¬ 
cibles  when  the  charge  was  coupled  directly.  This  resulted  in  a  "hot"  wall 
crucible  condition,  enhancing  melt/crucible  reaction.  Comparing  the  results 
of  these  two  melts  indicates  little  difference  in  contamination  levels,  also 
evidenced  in  the  respective  microstructures.  Examination  of  the  crucible 
from  Melt  (F)  revealed  that  it  was  only  partially  reduced,  with  no  effective 
decreuse  in  oxygen  potential.  Tensile  properties  of  the  metal  (fabricated 
and  fully  annealed  rod)  from  Melt  (E)  were  encouraging  in  that  22  percent 
elongation  and  a  0.2  percent  yield  strength  of  77.2  ksi  were  obtained,  even 
from  metal  produced  in  a  fully  oxidized  yttria  crucible.  Melt  (G)  in  com¬ 
parison  reveals  the  effect  of  the  yttrium  metal  addition  alone  in  reducing 
Che  bulk  hardness  of  the  titanium.  To  make  sure  that  this  effect  was  real, 
an  identical  ingot  was  prepared  from  the  A-55  rod  stock  with  no  yttrium 
addition.  Its  average  hardness  was  measured  to  be  92,  compared  with  the 
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TABLE  III-2.  INDUCTION  MELT  RESULTS 


Starting  Charge 


After  Melting 


(E)  A-55  Rod.  Induction-susceptor  melted  in  fully  oxidized 

Y2O3  for  I  min  at  1730°C  under  1/3  atm  helium  """ 


Oxygen 
Yttrium 
Hardness,  R 


(a) 


Yield  Strength,  ksi 
7.  Elongation 


1,200  ppm 
ND 

R„  90 

5§ 

35 


0.29  w/o 
~  0  .90  w/o 
R„  98(a) (b) (c) (d) 
?!.  2 
22  .7 


(F)  A-55  Rod.  Induction-susceptor  melted  in  partially  reduced 

Y2O3  for  1  min  at  1730  C  under  1/3  atm  helium 


Oxygen 

1 , 200  ppm 

0  .28  w/o 

Yttrium 

ND 

0.90  w/o 

Hardness,  Rfi 

Rfi  90 

rb  100(c) 

Yield  Strength,  ksi 

55 

%  Elongation 

35 

-- 

(01  A-55 

Rod  +  1.27c  Y.  Arc-cast  : 

In  water-cooled  copper 

2.5  min  under  1/3  atm 

helium 

Oxygen,  ppm 

1,200 

1,550 

Yttrium,  w/o 

1 .20 

1  .20 

Hardness,  Rg 

RB  90 

Rb  79(c) 

Yield  Strength,  ksi 

55 

-- 

7.  Elongation 

35 

-- 

(D)  Crystal 

Bar  Ti  +  1.27,  Y.  Arc -cast  in  water-cooled  copper 

2.5  min  under  1/3  atm 

helium 

Oxygen,  ppm 

230 

380 

Yttrium,  w/o 

1 .20 

1 .20 

Hardness,  Rg 

RB  . 

Rb  59<c) 

Yield  Strength,  ksi 

~  33(b) 

58.1<d> 

7.  Elongation 

-  «o(b) 

22  .  l<d> 

(a)  Hardness  values  were  taken  on  as -cast  ingots. 

(b)  Typical  values  taken  from  literature. 

(c)  As-cast  specimen. 

(d)  Bar  specimen,  cold  worked  approximately  257>, 
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FIGURE  IU-6.  AS ‘POLISHED  MICROSTRUCTURE  OF 
INDUCTION -MELTED  GRADE  A-S5  TITANIUM  FOR 
1  MIN  AT  1730‘C  IN  FULLY  OXIDIZED  YTTRIA 
(MELT  E). 


A 


250X  0G909 

FIGURE  111-7.  AS-POLISHED  MICROSTRUCTURE  OF 
INDUCTION -MELTED  GRADE  A-S5  TITANIUM  FOR 
1  MIN  AT  1730‘C  IN  PARTIALLY  REDUCED  YTTRIA 
(MELT  F). 
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FIGURE  III -8.  AS-POLISHED  MICROSTRUCTURE  OF  ARC -CAST  A-55  TITAN. UM 
WITH  1.2  w/o  YTTRIUM  METAL.  THE  PRIOR  BETA-PHASE  GRAIN  BOUNDARIES 
ARE  OUTLINED  BY  PRECIPITATES  (PROBABLY  YTTRIUM  METAL),  WHILE  REL¬ 
ATIVELY  LARGE  P ARTICLES  OF  YoOj  ARE  RANDOMLY  DISTRIBUTED. 
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f°r  th#  titanium  containing  1.2  weight  percen:  yttrium.  This  clearly 
shows  that  the  yctrium  metal  not  soluble  in  the  titanium  will  scavenge  the 
large  portion  of  oxygen  from  solution  and  precipitate  a  few  yttria  particles, 
effectively  softening  the  titanium  matrix .  The  oxygen  analyses  results 
reported  in  Tables  III-l  and  III -2  are  total  oxygen  contents,  i.e.,  the  oxygen 
in  solution  and  in  the  form  of  Y203_x  particles.  Even  though  the  total  oxygen 
levels  of  the  crucible-melted  titanium  are  relatively  high  (2900  ppm)  compared 
to  our  acceptable  criteria  of  1500  ppm,  the  properties  of  the  titanium  matrix 
which  are  reflected  in  the  tensile  property  values  indicate  the  oxygen  content 
in  solution  is  acceptable.  The  tensile  properties  of  the  metal  from  Melt  (E) 
are  acceptable  and  compare  well  with  commercially  pure  titanium  containing 
approximately  1500  ppm  oxygen. 


CONCLUSIONS 


Thermodynamic  results  and  melting  experiments  indicate  a  potential 
for  the  use  of  substolchlometric  yttria  as  a  container  for  liquid  titanium. 
The  interaction  appears  more  severe  than  the  thermodynamics  would  predict, 
apparently  because  titanium  can  substitute  for  Y+^  in  the  yttria  lattice. 

The  yttria-titania  system  has  not  yet  been  investigated,  but  titanium  was 
present  in  the  yttria  crucible  wall  after  melting  titanium  in  the  crucible. 
Analysis  shows  that  the  probable  effect  of  titanium  solution  in  the  yttria 
crucible  during  a  melting  trial  would  be  to  drive  the  yttria  to  its  stability 
limit.  Thus,  a  high  yttrium  content  would  be  expected  in  the  titanium  (see 
Figure  III-l).  An  yttria  crucible  saturated  with  titanium  and  having  the 
appropriate  oxygen  content  should  provide  the  inert  crucible  desired. 
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The  thermochemical  data  would  tend  to  indicate  that  in  addition  to 
the  promise  of  yttria  as  a  crucible  material  there  is  a  great  potential  for 
use  of  yttria  as  a  mold  material  or  mold  tacing  for  high-quality -shaped  cast¬ 
ings  at  mold  temperatures  as  high  as  1200°C .  Computations  based  on  thermo¬ 
dynamic  values  obtained  during  the  melting  experiments  Indicate  that  at  120Q°C 
the  equilibrium  partial  pressure  of  oxygen  over  Y^  g4  would  be  about  10  30  atm 
and  that  any  melt -mold  interaction,  although  not  appreciable,  would  be  confined 
to  within  10  to  20  fim  of  the  interface.  By  judicious  choice  of  stoichiometry 
this  interaction  may  be  even  further  minimized. 


RECOMMENDATIONS 

It  is  recommended  that  additional  effort  6hould  be  directed  toward 

(1)  Obtaining  additional  mechanical  property  data  on  titanium  melted 
in  yttria  crucibles  with  selected  stoichiometries 

(2)  Fabricating  porous  yttria  crucibles  with  improved  thermal  shock 
fracture  resistance,  and 

(3)  Obtaining  some  additional  thermodynamic  data  to  resolve  some 
of  the  questions  regarding  the  thermodynamic  compatibility  of 
YjO^^  and  titanium  containing  less  than  1000  ppm  of  oxygen. 

In  addition  to  the  above  recommendations  regarding  use  of  YjO^^  as 
a  crucible  for  melting  titanium,  it  is  strongly  recommended  that  yttria  be 
considered  as  a  mold  facing  for  titanium  casting.  This  may  allow  titanium  to 
be  cast  using  essentially  the  same  technology  as  is  now  used  for  casting 


superalloys. 
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task  vi 

LOW  TEMPERATURE  MECHANICAL  TREATMENTS  TO 
ENHANCE  FORMABILITY  OF  TITAN I IM  ALLOYS 

by 

J.  D.  Boyd 

INTRODUCTION 

Experiments  performed  at  the  AFML^  indicated  that  T1-6A1-4V 
(solution-treated  ac  980°C  and  furnace  cooled),  has  an  enhanced  deep- 
drawabillty  at  cryogenic  temperatures  (Table  VI-1).  The  present  research  program 
was  Initiated  to  study  this  phenomenon  further.  The  objective  was  to  delineate 
the  metallurgical  conditions  which  give  the  best  cryogenic  formablllty  of 
selected  commercial  titanium  alloys,  and  to  investigate  the  deformation 
mechanisms  which  promote  the  enhanced  formabllity. 

The  effeecs  of  specific  metallurgical  parameters  on  the  "formablllty" 
of  a  metal  or  alloy  are  complex,  and  generally  cannot  be  treated  analytically. 
Rather,  empirical  fonnability  parameters  are  determined  from  tests  such  as 
Olsen  Cup  tests  or  bend  tests  which  simulate  specific  forming  operations. 

However,  certain  generalizations  can  be  made.  For  example,  in  a  drawing 
operation  it  is  necessary  to  avoid  triaxial  tensile  plastic  instability  (i.e., 
a  "neck"),  and  important  metallurgical  parameters  are  (1)  a  significant 
rate  of  work  hardening  at  high  strains,  and  (2)  an  inclusion-free  mtcro- 
atructure.  Thus,  deep  drawability  should  vary  directly  with  the  number  of 
operative  shear  systems.  At  least  five  independent  shear  systems  are  required 
for  general  plasticity  in  a  polycrystalline  material,  but  additional  systems 
would  contribute  to  the  strain  hardening  and  minimize  void  nucleation  at 
microstructural  inhomogeneities  such  as  grain  boundaries  or  inclusions.  In 
titanium  and  certain  titanium  alloys  the  number  of  operative  shear  systems 
Increases  as  the  temperature  decreases  from  room  temperature  to  -196°C  due 


95 


TABLE  VI- 1.  THE  EFFECT  OF  TEMPERATURE  ON  OLSEN 
CUP  TEST  PARAMETERS 


Specimen 

Room  Temperature 

-196°C 

Load  at 
Rupture 
(lb) 

Depth  of 
Penetration 
(in.) 

Load  at 
Rupture 
(lb) 

Depth  of 
Penetration 
(in.) 

Ti  (comm,  pure) 

600 

0.315 

700 

0.370 

T1-8A1-1MO-1V 

800 

0.170 

900 

0.170 

T1-6A1-4V,  #1 

700 

0.127 

400 

0.200 

T1-6AI-4V,  #2 

600 

0.126 

450 

0.185 

to  (1)  twinning,  and  (2)  strain- Induced  martensitic  transformations. 
Thus,  it  Is  to  be  expected  that  these  materials  would  have  enhanced  draw- 
ability  at  cryogenic  temperatures. 


EXPERIMENTAL 

In  the  present  program  the  effects  of  cryogenic  temperatures  on  the 

formability  of  commercial -purl ty  titanium,  T1-6A1-4V,  and  Ti»4. 5Sn»6Zr-11.5Mo 

(6-11  £)  >tre  investigated.  The  experimental  materials  in  the  form  of  0.045  ln.- 

thick  sheet  were  obtained  from  commercial  vendors,  and  the  chemical  analyseo 

are  given  in  Table  VI-2.  Tensile  blanks  measuring  6"  x  3/4"  were  cut  from  this 

r.  terlal  and  sealed  in  Vycor  tubes  (evacuated  and  back-filled  to  1/3  atmosphere 

with  argon)  for  heat  treatment.  Following  heat  treatment  the  blanks  were 

surface  ground  and  tensile  specimens  with  1.25  in.  x  0.375  In.  gauge  sections 

-4  -1 

were  prepared.  Conventional  tensile  tests  at  a  strain  rate  of  1.3  x  10  sec 
were  performed  at  room  temperature  and  -196°C.  The  latter  were  accomplished  by 
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TABLE  VI- 2.  CHEMICAL  ANALYSES  OF  EXPERIMENTAL  MATERIALS 


Alloy 

Analysis . 

Weight  Percent 

A1 

Sn 

2r 

V 

Mo 

C 

N 

0 

H 

Fe 

Tl-50  A 

- 

- 

- 

• 

- 

0.023 

0.012 

0.11 

0.003 

0.10 

T1-6A1-4V 

6.3 

- 

- 

3. 

9 

0.033 

0.014 

0.136 

0.008 

0.17 

(Lui 

- 

4.6 

6.5 

- 

11.5 

0  01 

0.012 

0.112 

0.008 

0.05 

surrounding  the  gauge  sections  of  che  specimen  with  a  container  filled  with 
liquid  nitrogen,  and  directing  a  continuous  stream  of  liquid  nitrogen  onto 
the  gauge  section  during  the  test. 

Bend  tests  were  performed  using  a  standard  bend  fixture.  Sheet 
specimens  were  progressively  bent  around  mandrels  having  the  following  decreasing 
radii  (inches):  3/4,  1/2,  3/8,  1/4,  3/16,  1/8,  3/32,  1/16,  3/64,  1/32, 

1/64,  and  "sharp".  For  che  tests  in  liquid  nitrogen,  the  bend  fixture  was 
immersed  in  a  dewar.  After  each  bend  the  specimens  were  examined  at  40X  in  a 
stereomicroscope  and  "failure"  was  determined  by  the  first  visible  detection 
of  a  crack  on  the  tension  side  of  the  specimen.  The  bend  "T-value"  was  the 
final  mandrel  radius  divided  by  the  sheet  thickness.  All  specimens  had 
essentially  the  same  thickness  of  about  0.045  inches. 


RESULTS  AND  DISCUSSION 

Tensile  Deformation 

The  possible  effects  of  strain -induced  martensite  transformations  on 
low-temperature  formability  were  investigated  by  deforming  in  tension  specimens  of 
T1-6A1-4V  and  £-111  in  the  solution  treated  and  quenched  condition,  and  enhanced 


ductility  by  twinning  was  examined  In  T1-50A  by  similar  tension  tests.  For  a  certain 
range  of  solution  treatment  temperatures  the  two  alloys  contain  some  mechanically 
unatable  beta  phase,  which  transforms  martensltlcally  under  stress  to 
face-centered  cubic  phase.  The  amount  of  unstable  beta  is  determined  by  toe 
solution-treatment  temperature,  and  the  amount  which  transforms  to  martensite 
depends  on  the  deformation  conditions.  From  thermodynamic  considerations,  it 
is  expected  that  the  volume  fraction  of  strain-induced  transformation  product 
will  increase  with  decreasing  deformation  temperature.  In  order  to  determine 
the  solution  treatment  temperature  which  produces  the  maximum  amount  of 
mechanically  unstable  beta  phase,  a  series  of  specimens  of  T1-6A1-4V  and  S-III 

were  solution  treated  at  various  temperatures,  water  quenched,  and  tested  at 

-4  -1 

room  tonperature  at  a  strain  rate  of  1.3  x  10  sec  .  The  yield  stress  and 
uniform  elongation  for  the  TI-6A1-4V  and  0-III  specimens  are  shown  In 
Figures  VI-1  and  VI -2,  respectively.  A  solution  treatment  temperature  of 
816°C  was  selected  as  that  which  produced  the  minimum  yield  stress  and  maxi¬ 
mum  uniform  elongation  in  the  room  temperature  tests.  Sherman  and  Kessler^ 
had  previously  shown  that  this  solution  treatment  temperature  resulted  in  a 
maximum  elongation  and  minimum  yield  strength  in  T1-6A1-4V  as  a  result  of 
equilibration  of  the  beta  to  a  mechanically  unstable  condition. 

Accordingly,  specimens  of  TI-6A1-4V  and  £-111,  as  well  as  Ti-50  A, 
were  solution  treated  at  816°C  and  water  quenched.  In  addition,  some  speci¬ 
mens  of  T1-6A1-4V  and  8-III  were  solution  treated  at  816°C,  furnace  cooled  to 
o 

650  C  and  air  cooled  to  room  temperature.  The  latter  treatment  was  employed  to 
evaluate  metallurgical  conditions  similar  to  those  investigated  by  Fujishiro^ 


(Tabie  VI-1).  Representative  microstructures  for  the  various  alloy  conditions 


Uniform  Elongation, 


1 


100 

are  shown  in  Figure  VI-3.  Tensile  specimens  were  deformed  in  tension  at  room 
temperature  and  -196°C,  and  the  results  are  summarized  in  Table  VI-3.  The 

commercial  purity  titanium  exhibits  a  pronounced  increase  in  uniform  elongation 

(3) 

with  decreasing  temperature  in  accord  with  previous  studies.  However, 
there  is  little  variation  in  uniform  elongation  with  test  temperature  for  either 
of  the  TI-6A1-4V  heat-treated  conditions.  The  8-III  alloy  also  shows  no 
improvement  in  ductility  at  the  liquid  nitrogen  test  temperature.  The  enhanced 
ductility  in  Ti-SOA  at  -196°C  is  attributed  to  a  much  greater  abundance  of 
twinning  than  in  comparable  tests  at  room  temperature,  as  illustrated  in 
Figure  VI-4. 


Bend  Studies 

Bend  tests  at  25°C  and  -196°C  were  made  on  the  three  alloys  having 
the  same  heat  treated  conditions  as  specimens  deformed  in  tension.  In 
addition,  coupons  were  annealed  seven  hours  at  980°C  and  furnace  cooled  (a 
duplication  of  Fujlshiro' s^  treatment)  and  seven  hours  at  980°C,  925"C,  and 
870°C  followed  by  air  cooling.  The  results,  listed  in  Table  VI-4,  again  show 
that  Ti-50  A  has  greater  formabllity  at  -196°C  that  at  room  temperature. 

However,  for  all  heat  treatments  the  bendability  of  T1-6A1-4V  and  .8-111  at 
-196°C  is  inferior  to  that  at  room  temperature.  The  only  exception  was  T1-6A1-4V 
annealed  seven  hours  at  SIS’C,  furnace  cooled  to  650°C  and  air  cooled,  where  a 
T-value  of  4.1  was  found  for  tests  at  both  23 °C  and  -196 °C  (see  Figure  VI-5). 

The  very  brittle  behavior  at  -196°C  (Figure  VI-6)  of  III  annealed  four 

hours  at  816°C,  furnace  cooled  to  650°C,  air  cooled  (T-value  "  11. 1)  probably  was 

due  to  Che  presence  of  precipitated  omega-phase. 
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FIG  OKI:  VI- 3. 


Ti-SOA,  .■'mio.il c J 
7  hours  at  S16  C, 
W.Q. ,  230X. 


TJ.-OAl -4V ,  annua  1  od 
7  hours  at  816 °C , 
W.Q. ,  2 5 OX. 


Ti-6Al-AV  annealed 
7  hours  at  8 1 6 0 C , 
F.C.  to  650  cC , 

A. c: .  ,  230X. 
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TABLE  VI-3.  TENSILE  DATA  FOR  ALL  ALLOY  CONDITIONS  TESTED  AT  ROOM 

TEMPERATURE  AND  -196°C.  Strain  rate  was  1.3  x  10"*sec“l. 


Material  and 
Condltion(fl) 

Test 

Temperature,  °C 

0.27.  Yield 
Stress,  ksl 

Uniform 
Elongation,  X 

Tl-50  A 

25 

47.7 

19 

7  hrs  at  816°C,  W.Q. 

-196 

98.7 

48 

TI-6A1-4V 

25 

114 

15 

7  hrs  at  816°C,  W.Q. 

-196 

186 

16 

T1-6A1-4V 

25 

135 

12 

7  hrs  at  816°C,  F.C. 

-196 

217 

13 

to  650“C,  A.C. 

Tl-4.5Sn-6Zr-ll.5Mo 

25 

94.9 

27 

4  hrs  at  816°C,  W.Q. 

-196 

118 

broke  ia  shoulder 

Tl-4.5Sn-6Zr-li.5Mo 

25 

132 

7 

4  hrs  at  816°C,  F.C. 

-196 

215 

4 

to  650°C,  A.C. 

(a) 


F.C.  *  furnace  cool,  A.C 


air  cool,  W.Q.  *  water  quench. 
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TABLE  VI-4.  BEND  RESULTS  FOR  Tt  ALLOYS  TESTED  AT 
ROOM  TEMPERATURE  AND  -196°C 


,  .  Test  Bend 

Alloy  Condition^  Temp,°C  T-Value 


TI-50A 

7 

hrs 

at 

816“C,  W.Q. 

25 

1.4 

T1-50A 

7 

hrs 

at 

816®C,  W.Q. 

-196 

~  o 

Tl-4.5Sn-6Zr-ll.5Mo 

4 

hrs 

at 

816“C,  W.Q. 

25 

-  0 

Tl-4.5Sn-6Zr-ll.5Mo 

4 

hrs 

at 

816*C,  W.Q. 

-196 

2.1 

Tl-4.5Sn-6Zr-ll.5Mo 

4 

hrs 

at 

816 “C ,  F.C.  to 

650 *C ,  A.C. 

25 

1.0 

Tl-4.5Sn-6Zr-ll.5Mo 

4 

hrs 

at 

816°C,  F.C.  to 

650 ®C,  A.C. 

-196 

11.1 

T1-6A1-4V 

7 

hrs 

at 

816°C,  W.Q. 

25 

3.0 

T1-6A1-4V 

7 

hrs 

at 

8169C,  W.Q. 

-196 

4.6 

T1-6A1-4V 

7 

hrs 

at 

816°C,  F.C.  to 

650 °C ,  A.C. 

25 

4.1 

TI-6A1-4V 

7 

hrs 

at 

816°C,  F.C.  to 

650°C ,  A.C. 

-196 

4.1 

T1-6A1-4V 

7 

hrs 

at 

980 °C,  F.C. (b) 

25 

2.1 

T1-6A1-4V 

7 

hrs 

at 

980 °C,  F.C. (b) 

-196 

4.6 

T1-6A1-4V 

7 

hrs 

at 

980 *C ,  A.C. 

25 

2.3 

T1-6A1-4V 

7 

hrs 

at 

980 9c,  A.C. 

-196 

4.4 

T1-6A1-4V 

7 

hrs 

at 

925 9C ,  A.C. 

25 

2.9 

T1-6A1-4V 

7 

hrs 

at 

925 *C ,  A.C. 

-196 

4.6 

T1-6A1-4V 

7 

hrs 

at 

870°C,  A.C. 

25 

2.5 

Ti-6A1-4V 

7 

hrs 

at 

870°C,  A.C. 

-196 

4.8 

(a)  W.Q.  ■  water  quench,  F.C. 

■  furnace  cool 

,  A.C.  »  air 

cool . 

(b)  This  treatment 
foraablllty  In 

is 

Ti- 

a  duplication  of  Fujlshiro' s ^  which  gave 
6A1-4V  (see  Table  VI-1). 

enhanced 

FIGURE  VI -b. 


lk'!nl  I  e I  s  on  T i  ••6A1 -4V  anno. tied  7  Itry 
at  fi  1  (i 'C ,  F.C.  to  ('‘)0C(’,  and  A.  C. 
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CONCLUSIONS 

Tension  and  bend  deformation  studies  have  shown  that  commercially 
pure  titanium  (Tl-50  A)  Is  more  ductile  and  has  better  formablllty  at  -196°C 
than  at  room  temperature.  This  Is  associated  with  the  fact  that  twinning  Is 
much  more  abundant  at  the  lower  temperature,  the  greater  number  of  operative 
shear  systems  providing  enhanced  ductility. 

TI-6A1-4V  and  S-I1I  (Tl-4.5Sn-6Zr-ll.5Mo)  were  heat  treated  to  a 
variety  of  conditions  and  tested  at  25°C  and  -196°C  In  tension  and  bending. 

In  no  case  was  low  temperature  tensile  ductility  significantly  greater  than 
that  at  room  temperature,  and  In  general  the  bendablllty  at  -196 °C  was  inferior 
to  chat  at  room  temperature.  The  absence  of  improved  low  temperature  form- 
ability  in  these  two  alleys  suggests  that  the  anticipated  benefits  of  the 
scrain-induced  martensitic  transformation  of  unstable  beta  were  not  realized. 

RECOWENDATIONS 

Under  the  conditions  examined  in  this  study,  T1-6A1-4V  and  ft-lll 
alloys  showed  no  enhanced  tensile  ductility  or  bendablllty  at  liquid  nitrogen 
temperature,  compared  to  equivalent  tests  at  room  temperature.  This  Is  in 
contrast  to  earlier  work^  on  deep-drawing  of  TI-6A1-4V,  and  the  lack  of 
agreement  is  not  understood.  It  may  still  be  possible  to  take  advantage  of 
the  strain-induced  martensitic  transformation  of  unstable  beta  to  enhance 
titanium  alloy  formablllty  at  low  temperatures;  e.g.,  by  different  heat- 
treatment  practices.  However,  based  on  the  results  of  this  research,  it  is 
recommended  that  no  further  work  along  these  lines  be  undertaken  at  present. 
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